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SECTION  I 
INTRODUCTION 

This  final  report  covers  Phase  III  of  the  vehicle  detection  project.     The 
vehicle  detection  project,    contract  number  DOT-FH-11-8149,   is  a  contract 
between  Honeywell  Inc.  and  the  Federal  Highway  Administration.     The  Phase 
III  portion  of  this  contract  is  entitled  "Passive  Bus  Detector /Intersection 
Priority  System"  and  was  conducted  from  1  July  1974  through  6  December 
1975.     E.   H.   Schmidt  was  project  manager. 

Other  key  personnel  assigned  to  the  Phase  III  portion  of  this  project  were: 

D.  O.  Wick  -  Principal  Investigator 

P.  A.  Anderson  -  Systems  Project  Engineer 

R.  A.    Lubke  -  Principal  Development  Engineer 

R.  M.    Larson  -  Principal  Research  Scientist 

D.  G.   Putnam  -  Senior  System  Scientist 

R.  M.   Bonnema  -  Principal  Development  Engineer 

The  following  section  contains  a  summary  of  project  activities.     Details  on 
the  project  objectives  and  scope,  technical  approach  and  results,  and  conclu- 
sions and  recommendations  then  follow. 


SECTION  II 
SUMMARY 


This  report  presents  the  results  of  a  technology  development  project  for  the 
development  and  laboratory  feasibility  demonstration  of  an  advanced  concept 
called  a  Passive  Bus  Detector /Intersection  Priority  System, 

The  objectives  of  this  system  are  twofold:    (1)  to  accomplish  passive  detec- 
tion of  urban  transit  buses,  and  (2)  to  provide  bus  preemption  through  the 
intersection  using  traffic  control  strategies  programmed  into  an  independent 
microprocessor  intersection  controller.     Under  the  Phase  III  project,  two 
engineering  models  of  a  system  were  designed  and  built.     Because  the  project 
objectives  were  to  demonstrate  system  feasibility  by  means  of  engineering 
models  rather  than  prototype  models,  adherence  to  NEMA  or  other  design 
specifications  were  not  contractually  required  and  system  components  were 
designed  for  proof  of  performance  rather  than  small  size.     The  two  systems 
built  under  the  Phase  III  project  will  be  field  tested  and  evaluated  in  Minne- 
apolis,  Minnesota  and  Washington,   D.  C.  under  a  separate  contract  modifica- 
tion. 

As  illustrated  in  Figure  1,  the  system  is  microprocessor  based  and  is  passive 
in  the  sense  that  neither  bus  driver  action  nor  on-board  equipment  is  required. 
Standard  loop  detectors  are  used  for  bus  detection.     Bus  priority  is  accom- 
plished by  traffic  signal  plan  modification  through  microprocessor  software. 

BACKGROUND 

In  recent  years,   interest  in  bus  priority  has  increased  significantly  as  a 
means  to  increase  bus  ridership.     Exclusive  bus  lanes  to  accomplish  bus 
priority  have  been  extensively  evaluated  and  implemented  both  in  this  country 
and  Europe,     Techniques  for  providing  bus  priority  through  traffic  signal 
control  generally  divides  into  two  categories: 

e       Traffic  signal  preemption  or  modification  in  real-time  using 
selective  vehicle  detectors 

•       Fixed  time  signal  plans  developed  off-line  (e.  g.  ,  using 
TRANSYT)  providing  bus  preference. 

Compared  to  exclusive  bus  lane  operation,   relatively  little  attention  has  been 
directed  toward  traffic  signal  control  as  a  bus  priority  method.     The  most 
significant  project  addressing  this  problem  in  the  United  States  is  the  Urban 
Traffic  Control  System /Bus  Priority  System  (UTCS/BPS)  research  project 
being  conducted  by  the  FHWA.     The  objective  of  the  BPS  was  to  prove  the 
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flexibility  and  develop  operational  hardware  and  software  for  reducing  bus 
delays  in  an  urban  network  by  providing  preferential  treatment  to  bus  at 
signalized  intersections.  1    After  an  investigation  of  available  bus  detector 
techniques,   an  active  system  employing  a  near-field  radio  technique  was 
selected.  ^    The  BPS  project  demonstrated  that  the  concept  of  reducing  bus 
delays  by  providing  preferential  treatment  at  intersections  is  definitely 
feasible.     Further,   the  hardware  developed  performed  according  to  expecta- 
tions.    However,   the  requirement  for  on-board  hardware  and  a  special 
detector  hinders  the  attractiveness  of  the  BPS  concept  and  prompted  FHWA 
to  consider  passive  bus  detection  approaches.     The  vehicle  detection  project. 
Phase  III,   was  selected  by  the  FHWA  as  the  means  to  develop  the  passive 
approach. 

SUMMARY  DESCRIPTION 

Each  system  was  developed  to  function  as  a  fully  independent  intersection 
controller  with  passive  bus  detection  capability  using  inductive  loop  trans- 
ducers (ILD)  buried  in  the  roadways.     For  the  Phase  III  project,    each  system 
bus  priority  strategy  software  is  based  on  specific  locations  for  the  ILD. 
Changes  in  ILD  locations  will  require  modifications  to  the  bus  priority  and, 
possibly,   traffic  control  software.     Further  development  in  the  prototype 
model(s)  will  examine  techniques  for  rapid  and  simple  preempt  and  control 
software  changes  that  can  be  accomplished  at  the  intersection  or  at  the  city 
traffic  engineering  facility.     In  the  current  two  engineering  models,   each 
system  is  sufficient  to  exercise  bus  priority  control  at  a  specific  intersection 
(Washington,    D.  C.  ,   and  Minneapolis,    MN)  continuing  up  to  18  signal  lights 
and  up  to  four  ILD  units.     Each  system  has  built-in  capability  of  being  ex- 
panded to  accept  up  to  16  ILD  units  and  control  of  23  signal  circuits.     The 
system  capabilities  are  accomplished  using  microprocessor  based  electronics, 
a  built-in  programming  panel,    stored  programs  (software),   and  switching  and 
safety  units. 

In  addition,    each  system  has  capability  of  commanding  the  traffic  signals  in 
either  one  of  three  fixed  timing  patterns;  selected  at  the  system  by  the  traffic 
engineer  or  controlled  by  the  remote  loop-master. 


Paper  presented  to  ITE  meeting,   Seattle,  Washington,   August  1975. 
"Bus  Priority  and  Bus  Preemption  in  the  Urban  Traffic  Control  System", 
C,    John  MacGowan, 

^PB  190847,    "Advanced  Control  Technology  in  Urban  Traffic  Control 
Systems,    Vol,   lA,   Sperry-Rand  Corporation,    March  1970. 
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A  flow  diagram  of  each  system  is  depicted  by  Figure  2. 
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Figure  2.     System  Flow  Diagram 

The  Loop  Electronics  and  Bus  Priority  Control  Unit  represents  the  essential 
components  of  the  system  requiring  extensive  development  in  this  project. 
The  Bus  Priority  Control  Unit  outputs  to  the  Load  Relays  and  input /output  to 
and  from  the  Conflict  Monitor  represents  an  approximate  dividing  point  where 
the  existing  system  is  significantly  different  from  existing  microprocessor 
controllers. 

The  inductive  loop  transducers  in  the  street,   combined  with  the  specially 
developed  loop  electronics,  will  generate  a  time  history  signature  of  vehicles 
as  they  pass  over  the  inductive  loop  transducer.     A  1972  Flxible,  40-ft,   urban 
transit  bus  has  a  signature  as  depicted  in  Figure  3. 
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Figure  3.     Bus  Signature  Derived  from  Inductive  Loop 


other  vehicles  which  are  present  in  the  urban  traffic  scenario  will  have  time 
history  signatures  as  depicted  in  Figure  4. 

A  cursory  examination  of  the  time  history  signatures  depicted  in  Figures  4 
and  5  illustrates  the  basic  differences  between  the  bus  and  all  other  vehicles. 
An  analysis  resolves  the  primary  features  of  the  bus: 

a)  Three  distinct  amplitude  peaks 

b)  A  distinct  amplitude  ratio  between  the  peaks 

c)  A  distinct  location  of  each  amplitude  peak  which  is  a  function 
of  their  location  with  respect  to  vehicle  length 

The  vehicle  signatures  are  analyzed  by  the  classification  algorithm  in  the 
microcomputer  unit  of  the  Bus  Priority  Control  Unit  (Figure  2).     The  vehicle 
signatures  are  classified  as  a  preempt  bus  or  not.     For  a  bus  classification, 
the  intersection  traffic  control  software  modifies  the  signal  timing  plan  to 
favor  the  bus. 

The  microcomputer  software  performs  bus  classification,   preemption  and 
intersection  traffic  signal  control.     Modification  of  the  timing  plan  for  bus 
preemption  is  accomplished  by  moving  time  from  contractible  intervals  to  the 
extendible  interval.     The  intervals  in  the  timing  plan  are  indicated  by  data  for 
each  detectorized  preemptive  approach  to  the  intersection.     This  modification 
of  the  timing  plan  does  not  require  any  information  about  the  cycle  length, 
split  or  offset.     Pedestrian  clearances  are  not  affected  by  the  bus  preemption. 
The  timing  plan  always  returns  to  synchronization  on  the  cycle  subsequent  to 
the  final  bus  preemption  request. 

The  software  functions  of  the  system  are  summarized  by  Figure  6.     Follow- 
ing the  initialization  sequence  in  which  the  real-time  clock  is  started,  the 
background  computation  cycle  is  entered.     This  cycle  is  repeated  until  a 
failure  is  detected.     The  periodic  real-time  clock  interrupt  initiates  the  real- 
time computations  and  then  control  is  returned  to  the  background  cycle. 

The  electronic  organization  of  the  Bus  Priority  Control  Unit  is  summarized 
by  Figure  7.     Figure  8  is  a  photograph  of  the  Bus  Priority  Control  Unit. 

The  Bus  Priority  Control  Unit  consists  of  five  priraary  electronic  components; 
described  as  follows: 

a)      Preprocessor  (pP)  -  The  preprocessor  is  a  12 -bit  program- 
mable digital  electronic  unit  including  multiplex  switches  and 
an  analog-to-digital  converter  capable  of  handling  up  to  16 
inputs  from  inductive  loop  electronics  having  vehicle  time- 
history  signature  extraction  capability.     The  preprocessor 
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Figure  4.     Examples  of  Vehicle  Signatures  Derived  from 
Inductive  Loop 

These  primary  features  are  illustrated  in  Figure  5  using  an  idealized  bus 
signature. 
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Figure  5.     Bus  Signature  Primary  Features 
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Figure  6.     System  Software  Function  Summary 
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Figure  7.     Bus  Priority  Control  Unit  Organization 


Figure  8,     Bus  Priority  Control  Unit 


extracts  vehicle  features  from  the  time-history  signatures 
and  routes  the  information  to  the  microprocessor  via  the 
Direct  Memory  Access  (DMA)  unit. 

b)  DMA  -  The  DMA  was  developed  under  this  project  to  provide 
direct  access  to  the  microprocessor  memory  from  the  pre- 
processor. 

c)  Microprocessor  (laP)  -  The  microprocessor  is  an  off-the- 
shelf,    16-bit  microcomputer  unit  marketed  by  National 
Semiconductor  as  the  IMP-16  series.     For  this  project,   the 
capacity  of  the  microcomputer  included  4.  5K  of  read-only 
memory  and  4K  of  random-access  memory,    of  which  only  IK 
is  used, 

d)  Programming  Panel  -  The  programming  panel  allows  the  traffic 
engineer  to  provide  essential  input  to  the  microprocessor. 
This  input  enables  selection  of  bus  preempt /non-bus  preempt, 
cycle  length,   main-street-green  split,   interval  selection,   and 
offset  selection.     These  selections  can  be  independently  imple- 
mented for  the  three  manual  or  loop-master  selected  timing 
plans. 

e)  Status  Display  and  Monitor  Unit  (SDMU)  -  This  unit  interfaces 
the  microprocessor  bus  classifier  and  traffic  controller  with 
the  signal  load  relays.     The  SDMU  also  includes  a  watch-dog 
timer  and  essential  interface  to  and  from  the  conflict  monitor. 

The  remainder  of  the  components  depicted  in  Figure  2  includes  solid  state 
load  switches,    conflict  monitor,   flash  unit,   and  transfer  relay.     The  conflict 
monitor,   developed  under  contract  to  Honeywell  and  used  with  the  Bus  Priority 
Control  Unit,   provides  "green"  and  "walk"  conflict  monitoring,   minimum  green 
and  yellow  interval  monitoring,   and  maximum  cycle  length  monitoring.     If  the 
Bus  Priority  Control  Unit,   or  other  peripheral  equipment  fails  to  meet  the 
criteria  of  the  conflict  monitor,   the  conflict  monitor  will  immediately  transfer 
the  intersection  to  a  flashing  operation.     The  flashing  interval  is  timed  by  the 
transfer  logic  and  then  control  is  returned  to  the  city  controller  at  the  dial 
position  where  transfer  had  been  made  to  the  BPCU.     Recall  that  the  city  con- 
troller timing  is  stopped  by  a  signal  from  the  transfer  logic  when  control  is 
transferred  to  the  BPCU  by  depression  of  the  switch  on  the  Transfer  Control 
Panel.     For  manual  transfer  of  the  intersection  from  the  BPCU  to  the  city  con- 
troller,  the  BACKUP  switch  is  depressed  on  the  Transfer  Control  Panel.     The 
transfer  logic  then  times  a  minimum  main  street  green  interval  and  control  is 
transferred  to  the  city  controller  with  no  intervening  interval  of  flashing  opera- 
tion. 

The  entire  system  is  housed  in  a  "P"  type  cabinet  and  is  depicted  by  Figure  9. 
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Figure  9.     Passive  Bus  Detector/Intersection  Priority  System 
Engineering  Unit 
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SECTION  III 
PROJECT  OBJECTIVE 


The  objective  of  the  Vehicle  Detection  Project,   Phase  III,   was  the  develop- 
ment of  a  feasible  Passive  Bus  Detector /intersection  Priority  System 
hardware /software  design  and  two  engineering  models.     The  engineering 
models  were  to  be  suitable  for  eventual  installation  for  demonstration  and 
evaluation  at  two  typical  urban  intersections. 

This  objective  was  successfully  attained  during  the  course  of  the  project. 
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SECTION  IV 
TECHNICAL  DISCUSSION 

This  section  provides  a  detailed  discussion  covering  development  of  the 
Passive  Bus  Detector /Intersection  Priority  System.     The  discussion  is  con- 
centrated in  four  parts: 

a)  Development  of  a  Passive  Bus  Detector 

b)  Bus  Priority  Control  Unit  -  Software 

c)  Bus  Priority  Control  Unit  -  Hardware 

d)  System  Conflict  Monitor  and  Ancillary  Equipment 

Vehicle  signature  acquisition  activities  performed  during  the  passive  bus 
detector  development  are  referred  to  Volume  III  of  this  report.     Each  of 
the  above  system  parts  is  presented  independently  as  follows: 

a)  Technical  Ob]ective(s) 

b)  Technical  Approach 

c)  Progress  and  Results 

SYSTEM  TECHNICAL  OBJECTIVES 

Development  of  a  Passive  Bus  Detector 

The  following  are  the  technical  objectives  for  the  development  of  a  passive 
bus  detector: 

a)  Develop  hardware  and  software  that  will  identify  an  urban 
transit  bus  from  all  other  urban  traffic 

b)  Select  transducer  best  able  to  meet  the  following  bus 
detector  design  goals: 

•  0-60  mph  detection  velocities 

•  95  percent  correct  identification  of  busses 

•  2  percent  false- alarm  rate 

•  Only  standard  40-ft  passenger  transit  busses  manufactured 
by  GMC,  Flxible  and  AM  General  are  to  be  considered  as 
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busses.  Performance  for  all  other  bus  types  (mini, 
articulated,  intercity,  tour,  etc.  )  is  not  covered  by 
the  design  goals. 

•  Bus  classification  when  the  bus  centerline  is  within 
±4  ft  of  the  transducer  centerline. 

•  6  ft  or  greater  separation  between  vehicles. 

Bus  Priority  Control  Unit  -  Software 

The  general  technical  objectives  for  the  first- generation  Passive  Bus  Detector/ 
Intersection  Priority  System  software  were: 

a)  Passive  bus  detection  (standard  40-ft  transit  bus) 

b)  Traffic  signal  preemption 

c)  Pretimed  traffic  signal  control  (a  minimum  of  three 
fixed- time  plans) 

d)  Limited  failure  detection 

e)  Limited  on-site  signal  plan  programming 

Specific  requirements  for  the  engineering  model  field  test  software  are 
described  in  the  following  paragraphs. 

Principal  differences  between  the  engineering  model  hardware  and  a  prototype 
model  are  in  the  areas  of  environmental  qualifications  and  stand-alone  capa- 
bility of  the  microprocessor  system  to  control  the  signals.     The  engineering 
model  is  designed  to  operate  with  an  existing  controller  as  a  backup  to  ensure 
reliable  operation  during  field  test  operation. 

The  following  are  specific  technical  objectives  which  are  addressed  during  the 
project: 

a)  Number  of  Detectors  -  Two  passive  bus  detectors  per  lane  will 
generally  be  required.     In  certain  applications,   only  one  detector 
may  be  necessary.     The  design  objective  for  the  system  was  the 
capability  to  handle  a  minimum  of  eight  lanes  (16  detectors). 

b)  Bus  Preemption  -  Two  options  for  the  bus  preemption  control 
strategy  are  incorporated.     A  "green  time  extension/ advance" 
strategy  is  used  for  applications  like  the  Minneapolis  field  test 
(similar  to  FHWA  BPS  algorithm.  Reference  1),     An  "interval 
replacement"  strategy  is  used  for  applications  like  the  Washing- 
ton D.  C.   field  test  in  conjunction  with  a  special  bus  interval. 
Either  option  is  applicable  to  mixed  traffic  or  exclusive  bus  lane 
operation.     The  option  selected  can  be  preprogrammed  for  a 
particular  intersection.     Figures  10  and  11  depict  the  street 
configuration  for  the  two  field  tests. 
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c)  Number  of  Traffic  Signal  Intervals  -  The  software  is  designed 
to  handle  up  to  16  timing  intervals.     The  interval  sequence  is 
preprogrammed. 

d)  Number  of  Stored  Timing  Patterns  ~  The  software  is  designed 
for  three  cycle  lengths  and  three  offsets  per  cycle  length. 

e)  Number  of  Circuits  -  The  software  and  interface  is  designed  to 
control  up  to  24  individual  circuits. 

f)  Programming  Panel  -  A  limited  on-site  programming  capability 
is  provided  through  the  programming  panel  (see  Figure  44). 
For  each  of  the  stored  timing  plans,  the  following  input  is 
required: 

Cycle  time 

Three  offset  times 

Main- Street-Green  split 

Two  special  interval  times  related  to  the  bus  preempt 

Bus  preempt  on /off 

Synchronization  on/ off 

Manual  override 

g)  Failure  Monitoring  -  Five  failure  monitoring  techniques  were 
incorporated  into  the  system  design: 

Independent  Conflict  Monitor:    A  specially  designed 
independent  conflict  monitor  is  incorporated  to  ensure 

safety. 

Microprocessor  Self  Check:    The  4K  RAM  is  tested  con- 
tinually in  the  background  computation  cycle  during  real- 
time control  operation.     Addresses  not  used  for  the  data 
base  or  reserved  for  the  catch -on -the -fly  capability  are 
tested.     During  initialization  the  4K  RAM  and  the  RAM 
on  the  CPU  card  are  tested  prior  to  starting  real-time 
operation. 

Watchdog  Timer:    The  interface  unit  between  the  HP  and 
the  signal  heads  contains  a  timer  to  detect  a  microprocessor 
stall  condition.     If  the  microprocessor  stalls,  the  BPCU  is 
disconnected  from  the  signals  and  control  will  revert  to  the 
Minneapolis  or  Washington,   D.  C.    controller. 

Under  Counting  Test:    Bus  detector  and  preprocessor  opera- 
tion is  continuously  checked  by  means  of  an  under- counting 
test.     A  vehicle  count  for  each  detector  in  the  system  is 
accumulated  during  a  five  minute  interval  and  compared  with 
a  user- specified  threshold  value.     An  under- count  indicates 
a  problem  with  the  detector  or  the  preprocessor.     An  external 
status  light  is  illuminated  when  an  error  occurs. 
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Interface  Test:    A- limited  test  of  the  microprocessor  signal 
interface  is  performed  by  reading  back  into  the  microprocessor 
the  contents  of  the  output  registers  to  the  solid-state  light 
drivers  and  comparing  the  input  data  with  the  output  data. 

If  a  failure  is  detected,    (except  in  the  case  of  the  Under-Counting 
Test)  control  of  the  intersection  is  immediately  transferred  to  the 
existing  city  controller.     Manual  restart  is  then  required. 

h)      Power  Interruption  Response  -  The  microprocessor  power  supply 
is  designed  to  accommodate  short- duration  power  interruption. 
The  BPCU  is  designed  for  automatic  restart  after  a  power  inter- 
ruption. 

i)       Signal  Coordination  -  The  system  is  designed  to  operated  in  a 
coordinated  m.anner  (signals  from  a  loop  master)  or  as  an  iso- 
lated controller  with  manually  selected  signals  plans. 

Bus  Priority  Control  Unit  -  Hardware 

The  technical  objectives  for  the  BPCU  hardware  were  as  follows: 

a)  Develop  microprocessor-based  hardware  which  will  perform  bus 
classification  and  output  traffic  signal  light  control  functions. 

b)  Develop  interfaces  to  integrate  the  bus  detector  hardware  and 
traffic  light  control  (system  conflict  monitor  and  ancillary 
equipment). 

c)  Use  hardware  which  is  off-the-shelf. 

d)  Keep  system  cost  to  a  minimum  without  sacrificing  performance 
design  goals. 

System  Conflict  Monitor  and  Ancillary  Equipment 

The  objective  of  the  system  conflict  monitor  and  ancillary  equipment  is  to 
provide  the  BPCU  capability  to  control  signals  at  a  typical  urban  intersection. 
To  provide  this  capability,    significant  component  technical  objectives  were 
satisfied,   as  follows: 

a)  Provide  means  of  reliably  switching  115  vac  signals  using 
5- volt  d-c  logic  from  the  BPCU, 

b)  Provide  failsafe  operation  by  using  the  Conflict  Monitor  Unit 
uniquely  suited  to  the  BPCU, 
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c)  Implement  acceptable  response  to  a  conflict. 

d)  Provide  means  to  integrate  the  system  at  an  intersection 
having  an  existing  city  controller. 

e)  Provide  a  suitable  environmental  enclosure  which  allows 
ease  of  component  access  and  instrumentation  hook-up, 
as  necessary. 

TECHNICAL  APPROACH 

Development  of  a  Passive  Bus  Detector 

The  concept  chosen  for  identifying  urban  transit  busses  was  to  develop  a 
signal  classification  algorithm,  to  operate  on  the  signal  output  from  a  trans- 
ducer using  a  buried  sensing  element. 

The  major  steps  in  designing  this  algorithm  were: 

a)  Record  signatures  (analog  signal  output  of  transducer)  for 
statistical  sample  of  busses  and  other  urban  vehicles  (see 
Volume  III). 

b)  Based  on  study  of  the  signatures,   select  transducer  with 
greatest  potential  for  meeting  design  goals. 

c)  Using  computer  simulation: 

•  Determine  criteria  for  detecting  vehicle  presence 
©       Define  candidate  signal  features. 

•  Measure  the  feature  values  for  each  recorded  vehicle 
signature. 

•  Determine  equations  for  the  bus /non-bus  decision. 

e       Optimize  chosen  method  for  real-time  implementation. 

In  addition  to  the  major  task  of  designing  the  classifier  algorithm,   the  follow- 
ing analyses  were  performed: 

a)  Algorithm  for  estimating  bus  speed  from  the  inductive  loop 
detector  phase  output, 

b)  Analyze  data  from  the  inductive  loop  detector  frequency 
output  (FM)  to  determine  its  value  for  vehicle  classification. 

c)  Analyze  MGVD  amplitude  signatures  to  compare  leading 
edge  slope  with  vehicle  speed. 
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Bus  Priority  Control  Unit  -  Software 

The  BPCU  software  is  designed  as  a  real  time  control  program  with  the 
flexibility  for  the  field  test  of  the  engineering  concepts  in  passive  bus  detec- 
tion and  preempt  operation. 

Software  functions  are  assigned  to  the  basic  computer  program  components 
(CPC)  of  Executive,   Preempt,  Timing  Plan  Execution,  Data  Input  and  Data 
Output.     Within  each  CPC,   the  functions  are  contained  within  modular  coding 
sequences. 

The  primary  computing  sequences  are  initialization,   real-time  control  and 
background.     As  shown  by  Figure  12,  the  initialization  sequence  is  entered 
at  power  up  of  the  BPCU.     Functions  in  this  sequence  start  the  background 
computations  and  start  the  real-time  clock.     The  background  computations 
are  a  self-test  cycle  which  terminates  only  in  the  event  of  a  failure  condition. 
The  real-time  clock  generates  periodic  interrupts  for  initiating  the  real-time 
control  sequence.     The  10  Hz  clock  interrupts  provide  for  preempt  modifica- 
tions within  a  tenth  of  a  second  and  timing  interval  measured  to  a  tenth  of  a 
second. 
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Figure  12.     Software  Operation 
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Integrity  of  the  BPCU  operation  is  monitored  in  several  ways.     Self-test 
operations  in  the  Microcomputer  Control  Unit  (MCU)  software  assure  correct 
signal  commands.     Both  the  software  and  the  hardware  have  autodis connect 
capabilities.     The  existing  controller  is  used  as  a  backup  and  the  MCU  is 
programmed  for  the  transfer  of  control  operations.     Internal  error  logging 
and  external  status  display  provide  information  on  BPCU  operation. 

The  MCU  responds  to  manual  inputs  during  real-time  operation  from  a  pro- 
gramming panel  and  the  compuier  control  unit  (CCU).     The  programming 
panel  provides  on-site  specification  of  timing  plan,   preempt  and  synchroniza- 
tion parameters.     The  CCU  provides  the  computer  control  functions  of  dis- 
playing memory  and  register  contents  and  altering  read /write  memory  con- 
tents. 

The  specification  of  timing  plans  in  the  MCU  data  bage  is  designed  for  modi- 
fication by  the  preempt  functions.     Fixed  intervals,  which  must  always  be 
timed,   provide  for  safe  operation  of  the  inter  section  and  clearance  of  all 
traffic  flows.     Extendible  and  contractible  intervals  are  added  to  provide  the 
modifiability  for  preempt  extension  of  a  green  sequence  and  pay  back  of 
unused  extension  time.     Timing  plan  execution  allows  for  zero-duration  inter- 
vals which  may  appear  anywhere  within  the  timing  plan.     The  preempt  opera- 
tion is  generalized  such  that  data  parameters  relate  the  detector  configuration 
to  the  modifiability  of  the  timing  plan  intervals.     The  contractible  intervals 
and  the  extendible  interval  are  specified  as  data  for  each  detectorized  approach 
to  the  intersection. 

The  vehicle  classification  algorithm  is  designed  for  reliable  and  efficient 
operation.     Each  signature  is  tested  in  several  ways  for  validity  and  non-bus 
signatures  may  be  rejected  at  the  front  end  of  the  algorithm.     The  signature 
is  tested  for  a  minimum  duration.     Signatures  whose  presence  time  is  too 
short  are  rejected  as  noise.     Signatures  with  too  few  features  are  rejected  as 
non-busses.     Data  in  the  signature  are  tested  for  being  within  the  proper  range 
and  time  features  are  tested  for  being  within  the  proper  sequence.     A  portion 
of  the  detailed  classifier  handles  signatures  of  vehicles  having  uniform  speed 
within  the  time  interval  data  range.     Another  portion  of  the  classifier  handles 
signatures  of  busses  which  accelerated,   decelerated  or  stopped  over  the 
detector. 

Bus  Priority  Control  Unit  -  Hardware 

The  technical  approach  for  the  BPCU  hardware  is  summarized  by  the  follow- 
ing: 

a)      Microprocessor  classifier  and  signal  light  control 

-  Partition  classifier  and  signal  light  control  functions. 

-  Assign  functional  requirements  to  each  partition. 
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Review  available  technology, 

-   .     Find  specific  hardware  to  meet  the  functional  requirements 
of  both  microprocessor  functions, 

b)      Interfaces  for  bus  detectors  and  traffic  light  control 

Determine  the  specific  kinds  of  interfaces  along  functional 
requirements. 

Determine  individual  interface  specifications. 

System  Conflict  Monitor  and  Ancillary  Equipment 

The  technical  approach  adopted  for  the  development  of  these  components  can 
be  divided  between  the  conflict  monitor  and  ancillary  equipment.     The  system 
conflict  monitor  was  under  contract  to  Honeywell  and  used  in  this  project. 

The  ancillary  equipment  designed  approach  concentrated  on  using  established 
principles  used  in  traffic  controller  and  controller  cabinet  designs  to  ensure 
compatibility  with  established  procedures  and  familiarity  to  the  traffic  engi- 
neer. 


PROGRESS  AND  RESULTS 

Development  of  a  Passive  Bus  Detector 

Summary 

The  classifier  algorithm  was  designed  by  analyzing  the  characteristics  of 
recorded  vehicle  signatures.     These  signatures  were  produced  by  test  vehicles 
driving  over  experimental  installations  in  Minneapolis  and  in  Washington,   D,  C. 
and  by  actual  street  traffic  in  Washington,   D.  C.     A  number  of  experimental 
parameters  that  could  affect  the  vehicle  signatures  were  varied  during  the 
experimental  runs.     These  include  vehicle  parameters  (speed,    centerline 
displacement,    separation,    etc.  )  and  installation  parameters  (asphalt,    con- 
crete,  reinforcing  mesh,   lead  wire  length,   snow  pack,   etc.  ),     Also,    signa- 
tures were  recorded  for  vehicles  that  stopped  over  the  sensing  element.   Data 
acquired  at  the  Honeywell  vehicle  test  facility  are  detailed  in  Volume  III. 

The  initial  data  recorded  was  the  amplitude  and  the  phase  of  the  signals  from 
both  the  Magnetic  Gradient  "Vehicle  Detector  (MGVD)  and  the  Inductive  Loop 
Detector  (ILD).     Recordings  of  magnetometer  signatures  were  available  from 
a  previous  program  (see  FHWA-RD-7522),     This  data  was  studied  to  determine 
which  sensing  method  was  most  appropriate  for  vehicle  classification.     Only 
the  MGVD  amplitude  and  the  ILD  phase  produced  signals  that  could  be  easily 
identified  by  eye  as  being  bus  or  non-bus .     For  vehicle  runs  near  centerline,  these 
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two  transducers  produce  similar- appearing  signatures,  but  for  displacements 
of  three  to  six  feet,  the  MGVD  amplitude  signals  had  both  positive  and  negative 
values.     Since  the  two  methods  appeared  to  have  the  same  classification  po- 
tential with  the  ILD  phase  showing  fewer  problems  for  classifier  development, 
the  loop  phase  transducer  was  selected. 

A  number  of  signal  characteristics  were  apparent  in  the  initial  recordings 
and  these  were  used  to  make  a  preliminary  definition  of  the  classifier  struc- 
ture.    First,   all  vehicles  produced  only  positive  signal  values  with  peak  values 
related  to  vehicle  mass  and  inversely  related  to  road  clearance.     Thus,   a  signal 
threshold  would  detect  vehicle  presence  and  would  reject  most  bicycles  and 
motorcycles.     Second,  vehicles  with  short  wheel  bases  produce  a  signal  that 
has  only  one  peak  value,  while  long- wheel-base  vehicles  show  multiple  peaks. 
This  suggested  that  if  the  multiple  peaks  were  consistent  and  could  be  mea- 
sured, then  a  multi-stage  classifier  structure  could  reduce  the  real-time 
data  processing  rate  by  counting  peaks  and  rejecting  most  automobiles.     The 
vehicles  that  pass  this  gross  test  are  then  classified  by  using  additional, 
more  detailed  features.     This  classifier  structure  is  shown  in  Figure  13. 
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Figure  13.     Multi-Stage  Classifier  Concept 


At  this  stage  in  the  development,   it  was  known  that  there  would  be  an  analog 
signal  in  the  buried  ILD  and  that  the  final  classification  would  be  performed 
digitally,  but  it  was  not  known  where  the  change  from  analog  to  digital  would 
occur.     A  similar  uncertainty  thus  plagued  the  design  process.     Ideally,   the 
design  would  be  conducted  by  computer  simulation  of  the  signal  and  data  pro- 
cessing functions.     The  best  simulation  of  an  analog  function  is  done  on  an 
analog  computer.     The  design  of  the  final  classifier  stage  has  to  be  done  digi- 
tally, but  the  other  functions  in  Figure  13  can  be  simulated  by  either  analog 
or  digital  methods.     These  considerations  led  to  selecting  full  hybrid  computer 
(PACER  700)  for  the  simulation.     The  philosophy  chosen  was  to  input  the 
analog  signals,   digitize  them,  and  perform  the  total  simulation  digitally.     As 
each  stage  was  designed,   it  could  be  tested  digitally;  and  if  it  then  appeared 
advantageous  to  perform  that  stage  by  analog  means,   the  analog  functions 
could  be  set  up  on  the  same  computer  and  the  analog- to- digital  conversion 
moved  to  the  output  of  that  stage. 


23 


The  final  design  was  all  digital  but  in  retrospect,  the  hybrid  approach  provided 
other  advantages.     It  was  possible  to  process  analog  recordings  at  up  to  16 
times  real  speed.     Thus,   a  3-hour  recording  could  be  analyzed  in  12  minutes. 
Being  able  to  input  analog  recordings  was  a  great  timesaver  in  the  final  param- 
eter tradeoff  analysis  and  in  designing  the  digital  preprocessor.     Finally,   the 
fact  that  the  analog  input  was  not  synchronized  to  the  digital  processing  revealed 
problenis  that  would  not  have  appeared  in  a  simulation  using  predigitized  signals. 
These  were  then  solved  in  the  simulation  phase  rather  than  being  discovered  in 
the  first  breadboard  model. 

The  design  procedure  started  by  simulating  the  signal  threshold  test  on  the 
PACER.     Having  determined  the  threshold  value,  the  next  step  was  to  define 
an  algorithm  for  detecting  signal  peaks.     A  number  of  algorithms  were  formu- 
lated and  tested  on  the  PACER.     The  one  chosen  was  able  to  detect  all  the 
major  peaks  that  were  obvious  to  the  eye  (independent  of  the  shape  of  the  peak) 
and  it  detected  a  minimum  number  of  spurious  peaks  (small  amplitude  signal 
variations  and  noise  effects).    The  gross  test  was  simulated  next.     Eyeball 
study  of  signal  tracings  suggested  that  busses  within  four  feet  of  center  line 
produced  from  three  to  six  major  peak  values.     This  test  was  simulated  and 
a  number  of  tests  were  run  against  recorded  data  using  various  lower  and 
upper  limits  to  verify  this  criterion. 

Up  to  this  point  all  the  work  had  been  done  using  the  hybrid  simulation  and 
manually  analyzing  the  results  of  tests  performed  with  recorded  signals. 
Preliminary  values  had  been  established  for  the  vehicle  detection,  threshold, 
the  peak  detection  threshold  and  the  upper  and  lower  limits  for  the  gross  test. 
These  three  processing  steps  passed  all  of  the  bus  signals  and  eliminated 
more  than  90  percent  of  the  non-bus  events  that  would  be  encountered  in 
normal  traffic.     What  remained  to  be  done  was  to  find  appropriate  signal 
measurements  (features)  that  would  let  us  distinguish  between  busses  and 
the  other  vehicles  that  passed  the  gross  test.     Moving  vans,    semis,   and  non- 
urban  transit  busses  are  examples  of  the  vehicles  to  be  eliminated.     The 
signals  from  these  other  vehicles  showed  roughly  the  same  signal  shape  as 
the  busses.     There  was  also  the  problem  of  signal  shapes  being  distorted  by 
a  vehicle  changing  speed  or  stopping. 

By  plotting  peak  values  versus  time  for  a  number  of  different  test  runs  it  was 
seen  that  these  signal  characteristics  contained  enough  information  for  a 
human  to  discriminate  between  various  vehicles  moving  with  uniform  speed. 
It  was  decided  to  attempt  a  classifier  design  using  the  peak  values  as  features. 
There  had  also  been  an  effort,   prior  to  that  time,   to  find  a  classifier  struc- 
ture that  would  group  together  all  functions  that  differed  only  by  a  continuous 
monotone  transformation  of  the  independent  variable.     For  vehicles  moving 
along  the  center  line  of  the  loop,   the  detector  output  is  a  function  only  of  the 
vehicle  distance  x  along  its  path.     Denote  this  by  f(x).     The  distance    x    is, 
in  turn,  the  integral  of  the  velocity    v(t)  which  is  an  arbitrary  continuous 
function  of   t,  thus 


24 


t 

x(t)    =    p     v(t)dt 

t 
o 

Since  v(t)  is  assumed  to  be  positive  (i.  e,  ,  the  vehicles  are  always  traveling 
in  one  direction),  x(t)  is  therefore  an  arbitrary  positive  valed,    continuously 
different  table,   non-decreasing  function  of  t.     If  the  same  vehicle  crosses 
the  loop  twice  with  two  different  velocity  functions    V|(t)  and  V2(t),  the  output 
of  the  detector  will  be  two  different  time  varying  functions  that  take  on  the 
same  values  but  at  different  tim.es.     Since  we  are  interested  in  the  output 
independent  of  speed  variations,   we  would  like  to  deal  with  only  those  aspects 
of  the  function  f(x)  that  can  be  expressed  and  measured  independent  of  the 
actual  velocity.     Classifier  structures  invariant  under  continuous  monotone 
transformations  are  an  optimal  set  of  mathematical  structures  in  which  to 
treat  this  problemi. 

This  would  have  allowed  both  moving  and  stopping  vehicles  to  be  classified 
by  one  classifier.     The  effort  revealed  that  such  a  classifier  would  reduce 
the  number  of  independent  time  measurements  to  just  one,   for  non- linear 
transformations  (non-uniform  speed).     This  then  led  to  a  decision  to  use  two 
classifiers,    one  for  uniformly  moving  vehicles  and  one  for  stopping  (or  non- 
uniformly  moving)  vehicles.     The  time  measurements  then  served  to  deter- 
mine which  type  of  motion  was  being  observed  and,   for  uniform  speed  vehicles, 
the  time  measurements  would  provide  a  speed  estimate  and  thus  allow  the 
effect  of  speed  differences  to  be  removed.     The  final  uncontrolled  non- signi- 
ficant variable  was  the  change  in  signal  magnitude  caused  by  the  displacement 
of  the  vehicle  from  the  loop's  center  line.     It  was  decided  that  this  effect 
could  be  treated  as  a  signal  attenuation  factor  that  did  not  change  the  signal 
shape  and  its  effect  was  removable  by  normalizing  the  signal  amplitudes. 

The  amplitudes  of  the  signal  peaks  normalized  by  dividing  each  peak  ampli- 
tude by  the  amplitude  of  the  first  peak.     Thus,    amplitude  of  the  first  peak  of 
the  normalized  signal  is  always  equal  to  1.     The  measurements  of  peak  mag- 
nitudes and  times  (primary  features)  thus  had  to  be  transformed  or  normal- 
ized into  values  called  secondary  features  that  were  independent  of  vehicle 
speed  and  lateral  displacement.     The  normalization  is  described  in  the 
following  paragraph. 

To  perform  the  feature  analysis  and  the  classifier  design,  the  primary  features 
generated  by  the  PACER  hybrid  simulation  were  punched  on  cards  for  input  to 
the  XDS9300  digital  computer.     A  number  of  methods  for  normalizing  the  peak 
magnitudes  and  times  were  tested  using  the  primary  features  from  vehicles 
that  passed  the  gross  test.     It  was  found  that  the  first  signal  peak  was  con- 
sistently measured  by  the  hybrid  simulation  and  the  ratio  of  Nth  peak  magni- 
tude to  1st  peak  magnitude  provided  the  necessary  m.agnicude  normalization. 
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Normalizing  the  time  values  was  not  as  easy,     A  velocity  estimate  was  the 
ideal  normalizing  factor,  but  this  required  knowing  the  length  of  the  vehicle 
and  that,   in  turn,   required  knowing  what  kind  of  vehicle  made  the  signal.     An 
attempt  was  m.ade  to  use  the  total  signal  duration,  but  this  caused  all  vehicles 
to  have  the  sam.e  signal  length  and  produce  confusion  between  long  and  short 
vehicles.     The  normializing  factor  finally  used  was  the  sum  of  the  time  from 
vehicle  detection  to  first  peak  plus  the  time  from  last  peak  to  end  of  detection. 
The  primary  time  features  were  divided  by  this  factor  to  produce  the  (normal- 
ized) secondary  time  features.     The  normalized  time  from  detection  to  first 
peak  was  found  to  be  near  0,  5  for  all  vehicles  moving  with  uniform  velocity, 
thus  the  moving  versus  stopped  vehicle  test  v/as  based  on  this  value,     (The 
test  was  later  modified  to  separate  uniform  and  non-uniform  speeds.     The 
non-uniform  speed  classifier  than  was  concerned  with  accelerating  and  decel- 
erating vehicles  as  well  sa  stopping  vehicles,  ) 

One  more  decision  was  made  to  sim.plify  the  classifier  structure  -  that  only 
the  first,    second  and  last  peaks  (magnitude  and  time)  would  be  used  to  generate 
secondary  features.     Any  peaks  detected  between  the  second  and  the  last  would 
be  ignored.  -'=    Since  every  signal  passing  the  gross  test  showed  three  or  more 
peaks  and  since  all  the  recorded  bus  signatures  had  three  major  peaks,   it  was 
felt  that  this  constraint  would  not  limit  the  classifier  performance.     In  terms 
of  classifier  structure,    each  primary  feature  set  contained  the  same  number 
of  measurements,   regardless   of  how  many  peaks  were  detected.     The  classi- 
fier equations,   therefore,   did  not  have  to  account  for  the  varying  number  of 
peaks.     The  validity  of  this  choice  and  the  norm.alizations  were  established  by 
the  classifier  performance. 

The  secondary  feature  set  then  had  two  normalized  magnitudes  and  two  nor- 
malized time  intervals.     A  graphical/ statistical  analysis  was  performed  to 
determine  whether  these  secondary  features  contained  enough  information  to 
distinguish  between  busses  and  other  vehicles.     For  this  analysis,  the  thres- 
holds in  the  hybrid  simulation  were  set  to  allow  an  abnormally  large  number 
of  non-bus  runs  to  pass  the  gross  test.     This  provided  signatures  from  the 
three  busses  that  had  been  used,   plus  signatures  from  six  other  vehicles 
(Volkswagen,    station  wagon,    step  van,   dray  truck,    semi  and  moving  van). 
Each  of  these  was  treated  as  a  separa.te  vehicle  class  and  the  sizes  and 
locations  of  these  nine  class  cluaters  was  calculated.     The  results  were  that 
eight  clusters  were  located  close  to  a  two-dimensional  plane  in  the  four- 
dimensional  space  of  secondary  features  (the  moving  van  was  the  maverick). 


'!' Seven  memory  locations  are  used  to  store  the  three  peak  magnitudes  and  the 
four  time  values.     Denote  these  locations  by  (Mi),    (M2),    (M3),    (Tj  ),    (T2  ), 
(Tg),    (T4).     When  the  first  peak  is  detected,   its  values  are  stored  in  (Mi), 
(T    ).   The  second  peak  is  stored  in  (M   ),    (T   ),     If  there  are  more  than  two 
peaks  then  they  are  stored  in  (M3),    (T3)  with  each  new  peak  writing  over  any 
information  previously  stored  there.     The  time  at  the  end  of  the  signal  is 
stored  in  (T4).     Thus,  the  last  detected  peak  appears  in  (M3),   (T3)  at  the 
end  of  the  signal. 
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the  three  bus  clusters  and  the  moving  van  cluster  were  close  to  each  other 
but  far  from  the  other  five  clusters. 

With  this  evidence  in  favor  of  the  four  secondary  features  being  sufficient, 
the  next  step  was  to  determine  equations  for  a  classifier.     The  method  used 
was  to  arbitrarily  assign  a  number  to  each  cluster  of  data  samples  (for 
example:    1  denotes  bus,   2  denotes  semi,    3  denotes  truck,   etc.  ),     These 
are  called  "class  values".     Then,   considering  the  class  values  as  a  function 
defined  at  the  sampled  points  in  the  four- dimensional  space  of  secondary 
features,   a  linear  function  (called  a  "Discriminant")  is  found  that  gives  the 
best  least- squares  fit  to  the  class  values,     (Ideally  this  function  will  have 
near  1  for.  all  the  points  in  cluster  number  1,   near  2  in  cluster  2,    etc.  ) 
For  the  general  multiclass  problem  (more  than  two  classes)  this  method 
requires  that  the  class  values  be  permuted  to  determine  the  minimum  least- 
s  quare  error,  but  our  problem  involved  only  two  classes  (but  and  not  bus)  so 
this  step  was  not  nt;cessary.     Having  determined  the  discriminant,   the  classi- 
fication decision  was  made  by  comparing  the  function  value  with  a  fixed  thres- 
hold value;  small  values  give  one  decision,    and  large  values  the  other.     For 
the  bus  classifier  it  was  not  possible  to  find  a  single  discriminant  that  would 
correctly  classify  all  of  the  experimental  data.     In  the  two  best  cases,    one  of 
them  classified  some  of  the  moving  van  examples  as  bus  and  the  other  called 
all  of  the  trucks  busses.     However,   the  combination  decision  rule,  that 
decides  "bus"  when  both  discriminants  indicate  "bus",    correctly  classified 
all  of  the  experimental  data.     Figure  22  shows  the  two-dimensional  distribu- 
tion of  the  test  data.     The  region  to  the  left  of  2,  89  and  below  1,  57  is  the  bus 
region.     Neither  threshold  by  itself  can  separate  the  bus  samples  from  the 
others. 

The  preceding  discussion  refers  to  the  moving  vehicle  classifier.     For  the 
stopped  vehicles,   only  the  normalized  signal  magnitude  features  were  used. 
For  a  stopped  vehicle,   one  of  the  time  intervals  becomes  arbitrarily  large 
and  thus  does  not  characterize  the  vehicle  class.     The  method  for  finding 
discriminants  was  the  same  as  described  above,  but  the  decision  rule  was 
slightly  different.     In  this  two-dimensional  space  the  clusters  all  lay  near  one 
line  with  the  nonbusses  at  the  outside  and  the  busses  in  the  middle.     Thus  an 
upper  and  a  lower  threshold  on  the  discriminant  values  was  needed.     Again, 
two  discriminants  were  combined  to  correctly  classify  all  of  the  experimental 
data.    Figure  23  shows  how  the  moving  vehicle  discriminant  values  and  the 
thresholds  are  arranged. 

The  remaining  problem  for  the  classifier  was  to  decide  whether  a  detected 
vehicle  stopped  or  moved  continuously  over  the  loop.     For  a  moving  vehicle 
the  normalized  time  E^  from  detection  to  the  first  peak  was  near  0,  5    Thus 
a  test  of  the  form  0.  S-o'^Ej^O.  5  +  ^  indicates  that  the  vehicle  probably 
did  not  stop  over  the  loop.     Unfortunately  this  condition  while  necessary,  was 
not  sufficient  to  distinguish  between  themi.     An  additional  value  E2,  the  nor- 
malized time  from  first  peak  to  last  peak,  will  be  large  if  the  vehicle  stops 
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while  covering  the  loop.     When  the  test  E2  ^  Y  was  added  as  a  condition  for 
moving  vehicles  the  results  were  satisfactory.     Values  for  a,  jS,  Y  were 
determined  from  the  distribution  of  E^  and  E2  for  moving  and  stopping  vehicle 
experiments. 

It  was  found  that  certain  moving  vehicles  were  more  easily  classified  by  the 
stopped  vehicle  classifier.     Study  of  the  signal  recordings  and  logs  revealed 
that  these  vehicles  had  been  accelerating  or  decelerating  as  they  crossed  the 
loop.     The  values  ot,   j3,   y  were  then  adjusted  and  the  two  final  vehicle  divi- 
sions are  more  appropriately  called  uniformly  and  non- uniformly  m.oving 
vehicles. 

Subsequent  to  the  initial  classifier  design,   additional  experimental  data  were 
obtained  from  the  FHWA  facility  in  Washington,   D.  C,  ,   plus  recordings  of 
street  traffic  in  Washington,   D,  C,  ,     This' data,   plus  the  original  data,   were 
all  processed  through  the  hybrid  simulation  incorporating  the  full  classifier 
and,   after  minor  changes  to  threshold  values,  the  classifier  correctly  identi- 
fied all  signals  with  the  exception  of  three  questionable  recordings.     The  ex- 
ceptions are  discussed  in  more  detail  in  the  technical  discussion  along  with 
other  possible  improvements  to  the  current  classifier  algorithm. 

Bus  Classifier 

The  bus  classifier  is  neither  a  device  nor  a  computer  program,  but  rather  a 
collection  of  functions  operating  together  and  being  performed  in  a  number  of 
different  locations  in  the  bus  detector.     Figure  14  is  a  functional  diagram  of 
the  bus  classifier  as  it  was  simulated  on  the  PACER  700  hybrid  computer  and 
as  it  was  imiplemented  in  the  preprocessor/microprocessor  configuration. 
This  figure  shows  in  greater  detail  the  same  functions  described  in  Figure  11 
(Multi-stage  Classifier  Concept), 

In  its  final  form,  the  "sensor,   amplifier  and  filter"  functions  are  performed 
by  the  phase  loop  electronics.     This,  and  the  analog-to-digital  conversion 
(A/D)  are  described  in  later  sections  of  this  report.     The  present  discussion 
will  consider  the  bus  classifier  to  begin  at  the  digital  output  of  the  A/D, 

At  this  point,   a  time-varying  digital  value  represents  the  signal  output  of  the 
loop  detector.     In  the  absence  of  any  vehicles  passing  over  the  loop,   it  is  seen 
that  the  loop  output  varies  slowly  due  to  changes  in  the  circuit    Q    caused  by 
component  aging  or  temperature  changes.     The  value  of  this  slowly  changing 
bias  is  estim.ated  by  averaging  the  signal  over  long  time  periods  when  no 
vehicles  are  present.     The  averaging  is  done  by  infrequently  comparing  the 
value  of  a  counter  with  the  current  signal  value  and  incrementing  (decre- 
menting) the  counter  by  1  if  the  signal  value  is  larger  (smaller)  than  the 
counter  value.     The  time  constant  of  the  resulting  low-pass  filter  is  thus 
determined  by  the  time  elapsed  between  comparisons.     The  effect  is  the 
bias  is  removed  before  any  signal  tests  or  measurements  are  made. 
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The  debiased  signal  thus  has  a  zero  value  when  there  is  no  vehicle  present. 
When  a  vehicle  is  present,  the  biased  signal  becomes  positive,   reflecting 
the  change  in  phase  caused  by  the  vehicle.     Vehicle  presence  is  thus  detected 
by  comparing    x    with  a  small  threshold  value  Qj  >  0,     A  second  threshold 
value  O2  <  01    is  used  to  determine  v/hen  the  vehicle  is  no  longer  present. 
Thus,   the  signal  associated  with  one  vehicle  is  all  those  values  starting  at 
the  sampling  time    t^    where    x  (to)  -  Oi  and  continuing  until  time    tn  where 
X  (tn)  ^  ^2  "^  ^1-     (The  condition  02  "^  ^1  is  used  to  prevent  a  single  value 
from  satisfying  both  conditions.  )    While  a  vehicle  is  present,  the  signal  is 
observed  and  the  primary  feature  values  (peak  times  and  magnitudes)  are 
measured  and  recorded.     At  the  end  of  the  vehicle,  the    gross  tests  are  per- 
formed to  decide  whether  the  signal  should  be  classified  or  the  signal  was 
clearly  not  a  bus.     The  gross  test  simply  checks  whether  there  were  three 
or  more  peaks  detected.     If  so,  then  the  vehicle  may  be  a  bus  and  further 
study  of  the  signal  will  be  made. 

The  bus  classifier  functions  described  to  this  point  are  all  implemented  as 
software  routines  in  the  preprocessor.     The  primary  features  are  measured 
by  the  preprocessor  but  their  values  are  stored  in  dedicated  locations  in  the 
microprocessor's  memory.     The  following  functions  are  performed  in  the 
microprocessor. 

Following  passing  of  the  gross  test,  the  primary  feature  values  are  normal- 
ized,  yielding  secondary  feature  values  that  are  independent  of  vehicle  speed 
and  lateral  displacement.     The  secondary  time  features  are  tested  to  decide 
whether  the  stopped  vehicle  or  the  moving  vehicle  decision  algorithm  should 
be  used  for  classification.     (The  stopped  vehicle  algorithm  uses  only  the 
normalized  peak  magnitudes,  the  moving  vehicle  algorithm  uses  both  magni- 
tudes and  times.  )    The  appropriate  algorithm  then  decides  whether  the  vehicle 
was  an  urban  transit  bus  or  something  else.     Detailed  descriptions  of  these 
functions  and  their  development  follow. 

Figure  15  shows  some  typical  signal  traces  from  the  test  vehicles  used  in 
designing  the  bus  classifier.     Outstanding  characteristics  of  these  signals 
are  that,    except  for  rare  electromagnetic  interference,  there  is  no  noise 
and  the  signals  are  almost  exactly  reproducible,   depending  only  upon  the 
position  and  location  of  the  vehicle  relative  to  the  loop.     (Whether  the  lack 
of  noise  will  apply  to  all  environments  is  unknown  at  this  time.     In  the  data 
recorded  in  Washington,  D.  C.   at  the  testing  location,  their  were  many  noise 
spikes  apparently  caused  by  the  brake  system  on  the  bus.     These  were  suc- 
cessfully ignored  by  the  classifier  by  eliminating  the  maximum  number  of 
peaks  test,  ) 

For  the  purpose  of  distinguishing  between  the  two  busses  and  the  other  vehicles, 
there  are  some  signal  features  that  are  obvious  to  the  eye.     The  signals  from 
the  short  vehicles  (VW,   Torino,    station  wagon)  show  a  single  "hump".     The 
step  van  and  the  dray  truck  show  two  humps  and  the  busses,  moving  van  and 


30 


Ld 


CO 


^ 

O 


> 

o 


CO 

QQ 

LU 

_J 

3 


CO 

0 


a 

X 

W 

0) 

u 

6 

•1-1 

Ul 

0) 
I— 1 

o 

■r-l 

a; 
> 


lO 


CD 

bJO 
•t-i 


iJIHS  HSVHd  S33yD3a 


31 


DEGREES 
PHASE 
SHIFT 


DRAY  TRUCK 


STEP  VAN 


T3 
'V 

o 

o 

U 

ta 

(U 


STATION  WAGON 


TORINO 


VW  BUG 


a 

X 

H 

u 
a 

6 

•1-1 
0) 

r-H 
O 

> 


lO 

T— I 

6 

•H 


>  TIME 


32 


semi  have  three  humps,     (One  m.ight  postulate  that  those  humps  are  caused  by 
metallic  structures  in  the  vehicle  undercarriage  that  are  large  enough  and 
separated  enough  to  be  resolved  by  the  6-foot  by  6-foot  loop.  )    The  main 
classifier  problem  then  seems  to  be  in  distinguishing  between  busses  and  other 
long-wheel-base  vehicles.     Looking  again  at  the  examples,  the  bus  humps 
look  evenly  spaced  and  about  of  equal  height  while  the  moving  van  and  semi 
are  quite  irregular,     A  first  impression  is  that  the  signals  can  be  classified 
by  using  the  height  and  spacing  of  the  humps.     The  problems  appear  in  attemp- 
ting to  define  "hump",   "height  ,   "spacing  ,   "regular",   etc.   in  a  way  that  a 
machine  can  measure  and  use.     The  bus  signals  have  only  three  main  humps, 
but  they  have  many  small  bumps  and  so  forth. 

Figure  16  describes  the  method  used  to  measure  the  signals  in  a  way  that 
parallels  the  eyeball  features  described  above.     The  thresholds  01  and  92  are 
as  discussed  earlier.     The  value    e    is  called  the  "peak  tolerance     or  simply 
the  "tolerance"  and  is  critical  to  detecting  local  signal  maxima  (peaks)  that 
correspond  to  the  "eyeball  humps".     To  describe  how  a  peak  is  detected,   let 
the  signal  be  sampled  at  times    tn  =  nAt  where    x  (to)  ^  ^i  is  the  first  sample 
after  detection.     The  peak  detection  algorithm  starts  with  the  peak  magnitude 
estimate  M-j;     =  6i.     At  each  sample  time    tn,  the  peak  magnitude  is  updated 

according  to  Equation  (1). 


If      x(t   )  >  M^  then  M^      =  x(t   ). 

^n-1  ^n 

If       M^  -    e  <  x(t    )  ^  M^  then  M^      =    M^ 

t      -,  n  t      ,  t  t      1 

n-1  n-1  n  n-1 


(1) 


This  updating  is  continued  until  the  sampled  signal  value  becomes  less  than 
the  maximum  minus  the  tolerance  (i,  e,  ,  x(t)  ^  M  -  e).     The  time  at  which  this 
happens  is  the  time  of  the  first  peak  and  the  signal  maximum  value  up  to  that 
time  is  the  magnitude.     Following  the  detection  of  a  peak,  the  algorithm  searches 
for  a  local  minimum  using  the  same  tolerance  value    e.        Upon  finding  a  mini- 
mum, the  search  for  the  next  peak  begins  in  the  same  manner  as  before.     This 
algorithm  thus  ignores  signal  variations  smaller  than  the  tolerance    e    and  can 
therefore  be  made  to  detect  only  the  major  bumps  that  are  obvious  to  the  eye. 
The  time  measured  by  this  algorithm  is  slightly  later  than  the  actual  time  of 
the  maximum.     This  timing  method  was  chosen  for  convenience  in  the  simula- 
tion and  an  equally  good  classifier     can  be  developed  using  the  actual  times 
of  the  maxima. 

Initially,  the  magnitudes  and  times  of  all  peaks  were  measured.     Experiments 
with  the  data  showed  that  the  decision  between  bus  and  non-bus  could  be  made 
using  only  the  first,   second  and  last  peaks.     This  edited  primary  feature  set 
is  defined  in  Figure  16. 
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=    TIME  FROM  TURN  ON  TO  FIRST  PEAK 
=   TIME  FROM  FIRST  PEAK  TO  SECOND  PEAK 
=    TIME  FROM  SECOND  PEAK  TO  LAST  PEAK 
=    TIME  FROM  LAST  PEAK  TO  TURN  OFF 
=    MAGNITUDE  OF  FIRST  PEAK 
=    MAGNITUDE  OF  SECOND  PEAK 

=    MAGNITUDE  OF  LAST  PEAK 


Figure  16.     Primary  Feature  Measurements 


34 


The  primary  feature  values  are  absolute  time  and  voltage  measurements  and 
thus  depend  upon  circuit  parameters  (gain,   length  of  leads,   etc.  )  and  upon  the 
speed  and  lateral  position  of  the  vehicle.     These  cause  the  time  and  magnitude 
scales  to  be  linearly  distorted  and  thus  change  the  shape  of  the   signals.     There 
are  also  those  vehicles  that  come  to  a  stop  or  change  speed  while  over  the  loop. 
These  cause  a  non- linear  change  in  the  time  scale  and  produce  an  even  greater 
distortion  of  the  signal's  shape.     Initially,   an  attempt  was  made  to  formulate  a 
decision  algorithm  that  could  accommodate  all  these  variables.     This  proved  to 
be  impractical  and  a  second  approach  was  tried.     To  take  care  of  the  non- linear 
distortion,   it  was  decided  to  use  a  separate  decision  algorithm  for  the  stopping 
or  accelerating  vehicles.     This  algorithm  would  use  only  the  signal  magnitudes 
and  thus  avoid  the  non-linearities.     To  handle  the  linear  distortions,   it  was 
decided  that  normalizing  factors  should  be  used  that  would  remove  the  gain  and 
time  scale  dependencies. 

Having  made  these  decisions,  the  next  step  was  to  find  ways  to  carry  them  out. 
Numerous  experiments  with  features  obtained  from  the  test  vehicle  recordings 
lead  to  the  following  secondary  feature  definitions: 


'^l 

= 

Ti/<T„  +  V 

^2 

= 

Tg/ff^     +     T^) 

«1 

= 

Mj/Mj 

°2 

= 

M^/M^ 

^1 

= 

V'To^T^' 

=2 

= 

^1+^2 

F-  and  F2  are  the  normalized  values  of  the  time  from  first  peak  to  second 
peak  and  the  time  from  second  peak  to  last  peak,   respectively,     Gi  and  G2 
are  the  normalized  magnitudes  for  the  second  peak  and  the  last  peak.    Figure 
17  shows  the  normalized  signal  averages  for  nine  different  test  vehicles. 
These  plots  were  made  from  runs  that  passed  the  gross  test  (three  or  more 
peaks)  and  they  show  the  normalized  magnitudes  for  the  first,    second  and  last 
peaks  plotted  at  their  normalized  times.     Comparison  with  the  typical  signals 
shown  in  Figure  17  reveals  obvious  correlations  in  the  shapes,   thus  indicating 
that  this  normalization  preserves  a  large  portion  of  the  information  in  the 
original  signal.     The  last  two  secondary  features,   E     and  E^,   are  used  to 
decide  between  stopping  and  moving  vehicles.     These  will  be  discussed  later. 
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^      NORMALIZED 
^      TIME 


FLXIBLE  BUS  NO.  1     (AVERAGE  OF  11  BUS  RUNS) 


FLXIBLE  BUS  NO.  2      (AVERAGE  OF  23  BUS  RUNS) 


GMG  BUS  (AVERAGE  OF  17  BUS  RUNS) 


Figure  17.     Normalized  Signature  Average 
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SEMI    (AVERAGE  OF  8  RUNS) 


MOVING  VAN    (AVERAGE  OF  11  RUNS) 


TRUCK    (AVERAGE  OF  7  RUNS) 


STEP  VAN    (AVERAGE  OF  9  RUNS) 


STATION  WAGON    (AVERAGE  OF  2  RUNS) 


.    TORINO   (AVERAGE  OF  2  RUNS) 
Figure  17.     Normalized  Signature  Average  (Concluded) 
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An  introduction  to  the  basic  pattern  recognition  concepts  and  terminology  used 
in  the  following  discussion  can  be  obtained  from  many  standard  references  in 
this  area.     The  chapter  references  given  below  are  closely  related  to  the 
particular  linear  methods  used  in  developing  the  bias  classifier.     Any  one  of 
these  will  provide  sufficient  background  for  the  reader  acquainted  with  ele- 
mentary statistics. 

Sebestyen,   George  S.  ,   "Decision- Making  Processes  in  Pattern 
Recognition",   Chapter?  2  and  5,   ACM  Monograph  Series, 
Macmillan  1962  (Library  of  Congress  number  62-19428). 

Arkadev,   A,  G.   and  Braverman,   E,  M,  ,   "Computers  and  Pattern 
Recognition",    (Tr.   W.   Turski  and  J,  D.   Cowan),   Chapter  3, 
Thompson  Book  Company,   Inc.  ,    1967  (Library  of  Congress 
number  66-29876). 

Meisel,  William  S.  ,    "Computer-Oriented  Approaches  to  Pattern 
Recognition",   Chapters  1,    2,   4;  Mathematics  in  Science  and 
Engineering  Volume  83,   Academic  Press,    1972  (Library  of 
Congress  number  72-77  852. 

Theoretically,   a  two- class  classification  problem  requires  only  one  feature 
for  its  solution.     That  is,   if  it  is  really  a  two- class  problem  and  if  the  right 
feature  can  be  found.     The  bus  versus  non-bus  decision  is  apparently  a  two- 
class  problem  and  there  are  four  secondary  features  so,   ideally,   there  should 
be  no  great  difficulty  in  finding  an  appropriate  decision  rule.     However,   it  is 
worthwhile  to  look  closely  at  the  structure  of  the  data  before  attempting  to 
formulate  a  decision  rule.     One  way  of  doing  this  is  to  plot  the  average  signals 
for  each  test  vehicle  shown  in  Figure  17  and  see  how  the  data  are  clustered. 
Since  each  of  the  average  signals  is  described  by  four  coordinates  F^,   F^,  G., 
Gp,  we  must  use  an  artifice  to  plot  them  on  graph  paper. 

Consider  the  overall  average  of  all  vehicles  as  the  reference  point  in  the 
four- dimensional  space  of  secondary  features.     This  point,   plus  the  two  points 
corresponding  to  any  tvi'^o  of  the  average  signals  (say  Flxible  bus  No.    1  and  the 
semi),  define  a  two-dimensional  plane.     In  this  plane,   it  is  an  easy  task  to 
determine  the  distances  from  the  overall  average  to  each  average  signal  and 
the  plane  angle  between  these  same  lines.     For  each  pair  of  average  signals, 
we  can  thus  determine  their  subtended  angle  as  seen  at  the  centroid.     If  we 
list  all  such  angles  (36  of  them  for  9  points),  we  can  then  find,   for  each  point, 
the  point  that  has  the  smallest  angular  separation.     Figure  18  is  a  polar  plot 
of  the  distances  from  the  centroid  and  the  minimal  angles  starting  with 
Flxible  bus  No,    1  (Bl),     The  smallest  angle  is  with  bus  No.    2  (B2),     The 
smallest  angle  for  B2  (excluding  the  angle  with  Bl)  is  with  the  moving  van 
(MV).     From  there,   the  smallest  angle  is  with  the  GMC  bus  (B3)  and  if  we 
then  return  to  Bl  the  closure  error  is  small.     If  B2,    B3  and  MV  are  excluded, 
the  cycle  starting  at  Bl  proceeds  to  semi  (S),   step  van  (SV),  Volkswagen  (VW), 
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Figure  18.     Polar  Plot  of  Subclass  Means 
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station-wagon  (SW),  truck  (Tr)  and  back  to  Bl,     This  cycle  has  a  very  small 
closure  error  (i,  e. ,  the  sum  of  the  pairwise  angles  is  very  near  360  deg) 
indicating  that  these  six  points  all  lie  near  a  common  two-dimensional  plane 
in  the  four- dimensional  space.     The  cycle  Bl,   B2,   MV,   B3  angles  add  to 
0  deg  and  do  not  encircle  the  origin.     This  indicates  only  that  these  points 
are  close  together  and  it  says  nothing  more  about  how  they  are  placed. 
Figure  18  can  thus  be  considered  to  be  a  reasonable  representation  of  the 
relative  locations  of  the  nine  average  signals.     From  it  we  might  conclude 
that,  with  the  possible  exception  of  the  moving  van,   it  should  be  easy  to 
distinguish  between  the  buses  and  other  vehicles.     On  this  basis,  it  was 
decided  to  proceed  with  the  task  of  finding  a  decision  rule. 

The  linear  discriminant  method  provides  the  simplest  means  for  describing 

a  two-class  decision  rule.     Let    x    denote  the  feature  vector  (x^,  x„,  Xo,  x.). 

A  linear  discriminant  is  simply  a  linear  function 

4 

d(x)  =    a    .   x  +  b  =   Z)       a,  X.  +  b. 
-        "  j=l       3     3 

A  two-class  decision  rule  can  be  stated:    "Assign   x   to  class  1  if  d(x)  ^  0, 
otherwise  assign   x    to  class  2",     Figure  19  illustrates  one  method  of  deter- 
mining a  useful  linear  discriminant  function  from  experimental  data.     The 
points  belonging  to  each  class  are  specified  and  the  least- squares  fit  deter- 
mines the  discriminant  function.     For  our  problem,   the  two  classes  could 
be  any  pair  such  as  "CMC  bus"  and  "station  wagon"  or  "bus"  and  "non-bus". 
The  discriminant  function  is  determined  from  the  experimental  data  for  the 
chosen  pair  of  classes.     Its  value  can  then  be  calculated  for  all  of  the  experi- 
mental data  and  its  ability  to  discriminate  among  the  various  data  types  can 
be  determined. 

Since  the  method  used  to  determine  the  bus  classifier  is  a  non-standard  tech- 
nique, it  may  be  of  value  to  discuss  both  the  method  and  its  motivation  in 
more  depth.     First,  the  motivation:    The  basic  problem  is  a  two- class  prob- 
lem (i.  e. ,  bus  versus  non-bus)  but  there  are  seven  different  kinds  of  vehicles 
in  the  data  set  used  for  the  design  (bus,   semi-,  moving  van,   etc.  ).     Thus,   in 
the  worst  possible  case,  the  classifier  would  have  to  assign  a  given  vehicle 
to  one  of  seven  possible  classes  on  the  basis  of  the  signal  measurements. 
Then  a  simple  logical  test  would  decide  between  tbe  bus  class  and  the  six 
non-bus  classes.     However,  Figure  18  indicates  that  the  step  van,  Volkswagen, 
station  wagon  and  dray  truck  are  similar  appearing  in  terms  of  the  secondary 
feature  values.     These  four  kinds  of  vehicles  can  therefore  be  treated  as  a 
"cluster".     Similarly,  the  three  buses  (B^,  Bo,   Bg)  form  a  cluster.     We  then 
have  two  clusters  and  the  two  remaining  vehicle  types  (semi  and  moving  van). 
The  worst  possible  case  is  thus  only  a  four- class  problem  in  a  four-dimen- 
sional space.     Figure  18  shows  one  more  piece  of  information  that  simplifies 
the  problem  even  miore  --  the  data  are  all  located  near  a  two-dimensional 
plane  that  lies  in  the  four- dimensional  space.     Thus,   ideally,  there  should 
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Let2<  denote  feature  values. 
Define  the  characteristic  function  f  (x)  as 
f  (^)    =^1  forj^  in  class  C-j^ 

=     2  for  X.  in  class  C2 

The  discriminant  function  is  that  linear  function 
d(x)   =   ax  +  b  that  minimizes  the  mean  square 

e  (a,  b)   =  [f  (x)  -<i{>dr         ^      ^ 
Figure  19.     Class  Linear  Discriminant  Function 


be  two  vectors  that  describe  how  the  data  are  arranged  (two  vectors  define  a 
two-dimensional  plane).     These  two  vectors,   of  course,   lie  in  the  four- 
dimensional  space  and  four  coordinates  (the  secondary  features)  are  needed 
to  describe  them.     But  once  these  vectors  are  found,   the  distribution  of  data 
can  be  described  by  two  values,   namely  the  distances  along  the  two  vectors. 
The  problem  is  thus  transformed  from  four- space  to  two- space  and,   as  a 
result,  becomes  more  tractable. 

Second,  the  method:    The  first  step  in  solving  the  problem  is  to  find  two 
vectors  in  four-space  that  describe  the  data.     To  do  this,   it  is  best  to  treat 
each  vehicle  as  a  separate  class  since  this  will  preserve  the  most  informa- 
tion about  how  the  data  are  located  in  four- space.     Ten  vehicles  were  used 
in  the  data  collection  (three  buses,   seven  others)  and  these  were  assigned 
numbers  1  through  10  to  identify  them,     (The  assignments  are  shown  in 
Figure  20).  These  class- identifying  numbers  can  be  treated  as  values  of 
some  non- linear  function  in  four- space  that  describes  the  data  distribution 
and  it  is  possible  that  portions  of  this  function  can  be  approximated  linearly! 
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The  solution  method  used  was  to  find  linear  functions  that  approximate  the 
significant  parts  of  this  function.     Once  the  linear  approximation  is  found, 
the  gradient  of  the  linear  function  describes  the  variation  between  the  classes. 
(Figure  19  shows  how  this  appears  for  two  classes  in  one- space.  ) 

To  illustrate  this  method.   Figure  20  shows  the  results  of  defining  an  identi- 
fying function  that  has  the  value  =  1  for  all  busses  and  the  value  =2  for  all 
non-busses.     The  best  least- squares  linear  approximation  to  this  function  is 
given  by  K-  as  shown.     When  the  value  of    Kj    is  calculated  for  the  secondary 
feature  values  obtained  from  busses,  the  values  are  found  to  lie, in  the  range 
0.  67  ^  K^  ^  1.  47  and  for  the  non-busses,   the  values  were  1.  47  ^  K^  ^  2.  61. 
(The  ideal  would  be  Ki  =  1  for  the  busses  and  Ki  -  2  for  the  non-busses.  ) 

For  Figure  21,  the  discriminant  function  K2  was  determined  so  as  to  have 
the  value  1  for  the  bus  samples  and  the  value  4  for  the  semi,     K,  did  a  fair 
job  of  separating  the  busses  from  the  top  group  in  Figure  18  and  K2  was  tried 
to  get  separation  in  the  horizontal  direction  on  Figure  18,     The  result  is 
shown  in  Figure  21.     K2  does  an  excellent  job  in  separating  the  busses  from 
the  semi,  the. step  van  and  the  moving  van,  but  it  fails  for  all  the  rest.     Thus 
we  have  Ki  that  can  decide  between  bus  and  everything  except  the  moving  van 
and  K2  that  is  good  on  the  moving  van.     Figure  22  indicates  how  these  results 
can  be  combined  to  produce  a  decision  rule  that  is  valid  for  all  cases.     In 
Figure  22,  the  range  of  values  for  both  K^  and  K2  is  plotted  for  each  test 
vehicle.     It  is  seen  that  the  rectangular  region  Ki  ^  1,  57  and  K2  ^  2.  89  in- 
cludes only  bus  samples  and  the  non-bus  samples  are  outside  of  this  region. 
This  provides  the  decision  rule  for  distinguishing  between  busses  and  non- 
busses  if  the  vehicle  is  a  moving  one. 

A  similar  procedure  was  used  to  determine  a  decision  rule  for  vehicles  that 
stopped  over  the  loop.     In  this  case,   only  the  norm.alized  magnitudes  G-,   G^ 
were  used.     Again,  two  discrim.inant  functions  Hi  and  H2  were  determiiied 
from  tne  experimental  data.     In  this  case,   all  of  the  data,   from  both  the 
stopped  and  the  naoving  vehicles,  was  used  to  determine  the  discriminant 
coefficients.     This  is  valid  because  as  far  as  the. magnitudes  are  concerned, 
there  is  no  difference  between  moving  and  stopped  vehicles.     The  results  of 
this  work  are  shown  in  Figure  23.     The  moving  van  again  is  the  problem. 
In  this  case,  the  moving  van  samples  formed  two  clusters  that  had  the  bus 
classes  between  them.     The  decision  rule  was  therefore  formulated  using 
two  thresholds  on  each  axis: 

Bus  if  -0.  14  ^  H^  ^  2,  4  and  3.  465  ^  H^  ^  5.  465. 

Non-bus  otherwise. 
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Figure  20.     Discriminant  Values  for  C.  =  Bus;  Cp  Non-Bus 
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Figure  21.     Discriminant  Values  for  C.  =  Bus;  C.  =  Semi 
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Figure  22.     Joint  Plot  of  Moving  Vehicle  Discriminant  Values 
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Figure  23.     Joint  Plot  of  Stopped  Vehicle  Discriminant  Values 
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The  decision  rules  for  stopped  and  for  moving  vehicles  could  be  determined 
independent  of  the  method  used  to  decide  whether  a  vehicle  was  a  stopped 
vehicle  or  a  moving  vehicle.     However,   the  decision  has  to  be  based  upon  the 
primary  or  secondary  features  if  it  is  to  be  included  in  the  bus  classifier 

algorithm. 

If  a  vehicle  stops  while  crossing  the  loop,   then  one  or  more  of  the  primary 
time  features  T   ,   T. ,   T^,   T     will  become  large  (see  Figure  16).     The  nor- 

o        1        b        1.  rp  '^1  '^'^S 

malized  time  features  E.   =    ^t":]:-^ —  and  Eg  =  rp — +"x~  ^^^^  behave  in 

o         L  o         L 

distinctive  ways  that  depend  on  which  of  the  times  T.  is  large.     Thus,   if  T^ 

becomes  very  large,  then  both  E.  and  E^  will  become  small.     The  other 

possibilities  are: 


Large 

Time 

Value 

T 
o 


E. 


Large 


Small 


E, 


Small 
Large 
Large 
Small 


Thus,   we  should  expect  moving  vehicles  to  have  small  values  of  E^  and  inter- 
mediate values  for  E^ , 

Study  th  the  distribution  of  Ei  and  E2  for-  the  experimental  data  led  to  defining 
small  E     as  E^  <  2.  4  and  intermediate  E     as  0.  43  ^  E     <0.  70, 

To  determine  a  decision  rule  based  on  the  experimental  data,   define  two 
logical  variables  L  ,    L„  where 

L      is  true  when  0.  43  ^  E    <  0.  70 

L      is  true  when  2.5^  E_. 

The  values  (true  or  false)  of  L^  and  L„  determined  from  the  test  data  are  : 


1^1  = 

T 

T 

F 

F 

^2    - 

T 

F 

F 

T 

Number  of 

Moving  Vehicles 

7 

79 

3 

0 

Number  of 

Stopped  Vehicles 

16 

2 

8 

3 
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Thus,   it  is  clear  that  L^^true   and  L2  false  is  the  condition  to  use  for  deciding 
that  a  vehicle  was  moving. 

Figure  24  summarizes  the  various  equations  involved  in  the  complete  decision 
algorithm.     The  numerical  values  given  were  determined  from  data  recorded 
at  the  Minneapolis  test  pad  and  included  a  variety  of  gain  settings,  both  rein- 
forced and  nonreinforced  surfaces.     However,   only  two  brands  of  buses  were 
tested,   Flxible  and  GMC.     The  complete  bus  classifier,    shown  in  Figure  14 
and  using  the  equations  in  Figure  24,  was  simulated  on  the  PACER  200  hybrid 
computer.     The  FM  tape  recordings  of  loop  detector  output  from  test  vehicle 
runs  were  played  at  real  time  into  the  simulation  to  test  its  operation.   Table  1 
is  a  summary  of  the  performance.     In  brief,  there  were  no  errors  when  the 
classifier  was  tested  against  the  data  from  which  it  was  developed. 

Subsequently,   additional  data  runs  were  collected  at  the  Fairbanks  Research 
Station  in  Washington,   D.  C.   and  at  the  corner  of  18th  and  Pennsylvania  during 
rush  hour.     The  controlled  runs  were  23  passes  (19  moving,   4  stopping)  by  an 
AMC  bus.     This  brand  of  bus  had  not  been  included  in  the  training  data  and  the 
classifier  missed  the  four  stopped  cases  and  one  of  the  moving  cases.     (At 
this  time,  the  gross  decision  test,    shown  in  Figure  14,  was  a  two-sided  test 
N^  ^  N  ^  N2  on  the  number  of  peaks    N,     The  nominal  limits  were  Ni  =  2, 
N2  =  6.     It  was  found  that  the  stopped  vehicles  were  being  missed  because  the 
signals  contained  large  spikes  that  were  being  detected  as  peak  values.     The 
spikes  were  probably  due  to  the  brakes  being  pumped.     The  problem  was  solved 
by  changing  the  gross  decision  test  to  a  one-sided  test  Nj^  ^  N.     Since  only  the 
first  two  and  the  final  peaks  are  used,   the  existence  of  other  peaks  between 
the  second  and  first  makes  no  difference.  ) 

The  street  data  contained  18  bus  signals  within  ±  4  feet  of  centerline  and  439 
non-bus  signals.     (The  non-bus  signals  included  four  tour  busses  and  one 
charter  bus. )     When  this  data  was  processed  by  the  hybrid  simulation,  three 
of  the  bus  runs  were  missed  (two  of  these  were  AMC  busses)  but  there  were 
no  errors  in  the  non-bus  runs. 

After  analysis  of  the  entire  data  set,  the  thresholds  for  the  moving  vehicle 
classifier  were  changed  so  that  the  equations  (see  Figure  24)  read 

K      true  if  ...    ^    -0.  960 

Kg  true  if  ...    s  -1.444 

With  this  change,   all  of  the  moving  vehicle  runs  (Minneapolis  and  Washington) 
were  classified  correctly. 

With  these  modifications,  the  classifier  simulation  classified  all  644  recorded 
test  signatures  correctly  with  the  exception  of  two  questionable  cases  where  the 
identity  of  the  vehicle  is  not  certain  and  one  very  old  bus  that  is  sometimes 
classified  as  a  non-bus.     Estimates  of  false  alarm  and  error  rates  cannot  be 
obtained  without  testing  a  much  larger  data  base. 
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h' 

.  .  .  ,   H„  are  the  logical  variables  defined  in  the  preceding 

discussions. 

Stopped  Vehicle  Test 

h 

true  when  0.  43  ^  E^  <  0.  70 

^2 

true  when  2.5  ^  E2 

A  non-s 

topped  vehicle  is  indicated  when  L^  is  true  and  \^^  is 

false. 

Moving 

Vehicle  Classifier 

^1 

true  when 
-0.  277F     +  0.  OI98F2  +  0,  228G^  -  0.  9470^  ^-  1-  01 

^2 

true  when 
-1.  66Fj^  +  1.  36F2  +  2.  17G^  -  4.  lOGg  ^  -  1.  944 

A  "bus' 

is  indicated  when  K     is  false  and  K^  is  false;  otherwise  a 

"non- 

-bus" 

is  indicated. 

Stopped 

Vehicle  Classifier 

«1 

is  true  when 
3.  93  ^  2.  73G^  +  0.  876G2  ^  6.  47 

^2 

is  true  when 
3.  00  ^  2.  52G^  +  0.  I39G2  ^  5.  00 

A  "bus' 

is  indicated  when  H      is  true  and    H2    is  true;  otherwise. 

the 

vehicle 

is  a  "non-bus". 

Figure  24.     Bus  Classifier  Decision  Algorithm 
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Table  1.     Bus  Detector 

Simulation  Performance 

Vehicle 

Number 
of  Runs 

Number 
Detected 

Passed 

Gross 

Test 

Number 
Classified 

Bus 

Non-bus 

Motorcycle 

9 

0 



___ 

Bicycle 

6 

5 

0 





Flxible  Bus  . 

^  4  f  t 

6 

6 

6 

6 

0 

>  4  f t 

4 

4 

1 

1 

0 

Volkswagen 

10 

10 

0 

-»_ 

Torino 

8 

8 

1 

0 

1 

Station 
Wagon 

9 

9 

2 

0 

2 

Semi 

9 

9 

3 

0 

3 

Truck 

11 

11 

3 

0 

3 

GMC  Bus 

^  4  f t 

13 

13 

13 

13 

0 

>4  ft 

4 

4 

0 





"Moving  Van 

17 

17 

6 

0 

6 

Step  Van 

58 

58 

4 

0 

4 

Totals 

^  4  f  t 

19 

19 

19 

19 

0 

>  4  f t 

8 

8 

1 

1 

0 

N  on- Bus 

137 

138 

19 

0 

19 
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Areas  of  Potential  Concern 

Classifier  Coefficients  --  Geometrically  speaking,   the  classifier  coefficients 
describe  the  location  and  normal  direction  of  planes  that  separate  the  bus 
feature  values  from  the  non-bus  featiire  values.     The  feature  values  are  cal- 
culated from  measured  peak  times  and  amplitudes.     These,   in  turn,   depend 
upon  the  vehicle  detection  threshold,  the  peak  tolerance  value  and  the  bias 
estimating  filter.     These  were  described  in  the  preceding  pages  but  there  is 
a  certain  amount  of  arbitrariness  in  the  whole  procedure. 

The  threshold,  tolerance,   and  bias  estimate  were  defined  and  simulated  on 
the  PACER  and  experiments  were  performed  (using  recorded  signals)  to 
determine  good  values  for  these  parameters.     Optimization  was  not  possible 
because  the  optimum  is  the  set  that  gives  the  best  classification.     Instead,   the 
classifier  is  determined  from  the  somewhat  arbitrary  choice  of  good  values. 
Next,   the  features  were  defined  by  postulating  a  number  of  ways  of  combining 
measurements  to  overcome  the  stopped  vehicle,   different  speeds,   displace- 
ment from  center  line,   and  other  variables  that  were  apparent.     Four  of  the 
candidate  features  were  chosen  because  they  had  good  statistical  properties. 
Again,    the  choice  was  not  a  strict  optimal  one.     Finally,   the  classifier  coeffi- 
cients were  determined  and  the  unpredictable  result  was  perfect  separation. 
This  result  produces  one  more  arbitrary  factor,  because  the  slope  of  the 
planes  can  be  changed  slightly  or  they  can  be  shifted  back  and  forth  a  small 
distance  and  the  classification  is  still  100  percent.     Ideally,  we  should  now 
return  to  the  starting  point  and  optimize  the  detection  threshold,   the  peak 
tolerance,   and  all  the  other  arbitrarily  chosen  values  so  as  to  produce  the 
best  classifier.     And  as  more  data  become  available  the  loop  should  be  re- 
cycled to  further  improve  the  results.     In  other  words,  the  ideal  design  pro- 
cess does  not  end  untilthe  optimum  is  realized,  which  may  be  never. 

Thus,  we  must  conclude  that  some  arbitrariness  is  unavoidable  if  we  are  to 
be  practical.     But  we  must  also  decide  whether  the  current  level  of  arbitrari- 
ness, is  acceptable.     We  can  only  answer  on  the  basis  of  data,   experience  and 
intuition,   and  the  answer  at  this  time  is  "yes"l     However,  we  may  learn 
otherwise  as  our  data  and  experience  changes!     Fortunately,  the  digital  im- 
plementation allows  such  changes  to  be  made  relatively  easily,    so  the  decision 
to  accept  current  level  information  is  not  as  critical  as  for  a  hard-wired 
device. 

Vehicle  Detection  Threshold  --  The  threshold  was  chosen  before  the  classifier 
structure  and  the  kinds  of  features  were  known.     The  prim.ary  criterion,   at  that 
time,  was  to  detect  all  busses,     A  secondary  criterion  was  to  detect  enough 
other  vehicles  so  that  a  representative  set  of  non-bus  signatures  could  be 
obtained  for  the  classifier  training.     Later  on,  the  threshold  became  important 
in  another  way;  it  determines  the  first  and  last  signal  intervals,   that  in  turn 
are  used  to  normalize  the  time  features  to  reduce  their  dependence  on  vehicle 
speed.     After  the  classifier  had  been  simulated  on  the  PACER,  the  threshold 
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was  tested  by  varying  it  over  the  50  percent  to  200  percent  range  to  see  if  it 
was  a  critical  value.     Over  this  range,   it  was  not,    so  the  value  was  accepted. 

Months  later,  when  analyzing  the  Washington  Street  data  with  a  simulation 
that  now  included  the  quantized  values  of  time,   amplitude  and  bias  correction, 
it  was  seen  that  signal  gain,   quantization,  bias  correction  and  adjacent  lane 
vehicles  can  couple  with  the  threshold  to  produce  errors.     The  effect  can  be 
counteracted  for  the  existing  data  recordings  by  changing  the  stopped  vehicle 
test  from.  E2  -^  2.  5  to  E2  >  2.  3.     This  corrects  the  one  bus  that  experiences 
this  unique  set  of  conditions  and  does  not  change  the  classification  of  any  other 
vehicle.     (It  should  be  noted  that  this  one  bus  has  been  run  ten  times  on  the 
simulation  using  different  bias  correction  time  constants  and  it  was  classified 
as  a  bus  six  times.     The  fundamental  random  variable  appears  to  be  the  time 
of  day  at  which  the  data  is  sampled!  ) 

The  change  in  the  E2  test  value  is  almost  insignificant,  but  it  shows  a  number 
of  things.     First,   it  is  an  example  of  the  arbitrariness  mentioned  earlier.    The 
data  available  did  not  require  or  allow  a  more  accurate  determination  of  this 
value.     Second,  the  change  in  the  E2  test  value  does  cause  some  moving  busses 
to  be  processed  by  what  has  been  called  the  stop  bus  classifier.     The  busses 
that  are  affected  are  ones  that  are  accelerating  or  decelerating.     The  "stopped 
bus  classifier"  thus  becomes  the  "nonuniform  velocity  bus  classifier".     In  re- 
trospect this  is  much  more  reasonable  -  more  data,  better  definition.     The 
velocity  estimate  is  not  changed  in  any  way  by  this.     Third,  we  have  an  effect 
caused  by  the  interaction  of  a  number  of  "real-world"  factors  that  was  not 
s  een  when  the  parameters  were  varied  one  at  a  time  in  the  simulation. 

Fourth,   it  points  out  a  way  in  which  the  chosen  threshold  value  is  very  sub- 
optimal.     This  is  discussed  in  the  following  paragraph. 

Figure  25  illustrates  the  leading  edge  of  a  vehicle  signature.     The  values  a., 
a2,   3^2  are  amplitudes  (phase  values)  above  the  zero  or  steady- state  bias 
level  and  the  t^  are  the  corresponding  times. 

If  a2  were  the  chosen  threshold  value  and  the  intervals  between  the  a.  values 
is  the  amplitude  quantization,   then  relatively  large  time  errors  are  caused  by 
the  minimal  (±)  quantication  unit  change  in  the  bias  estimate.     Figure  26 
shows  how  the  time  value  is  made  insensitive  to  bias  estimate  errors  simply 
by  using  a  larger  vehicle  detection  threshold  that  places  the  threshold  in  the 
linear, *large  slope  part  of  the  signal  preceding  the  first  peak. 

Similar  coupling  of  the  start  (and  stop)  time  exists  with  center  line  displace- 
ment, lead  length,   asphalt  versus  reinforced  concrete,   depth  of  paving  material, 
loop  age  and  any  other  factor  that  affects  the  signal  peak  phase  value.     Using  a 
larger  vehicle  detection  threshold  would  thus  reduce  the  statistical  variance  of 
the  vehicle  classes  and  increase  the  confidence  in  the  classifier.     Unfortunately, 
changing  the  threshold  changes  the  time-normalizing  factor  in  a  non- linear 
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Figure  25.     Leading  Edge  of  a  Vehicle  Signature 


J\  ^T2-T3 


Figure  26.     Magnitude  versus  Time 
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manner  and  this  affects  the  decision  boundary  planes;  i.e.,  a  completely  new- 
set  of  classifier  coefficients  is  needed,  but  the  structure  is  the  same.     Since 
all  of  this  analysis  is  the  result  of  one  exceptional  signal,  there  is  not  enough 
evidence  to  justify  iterating  the  design  loop  at  this  time.     But,   if  the  problem 
becom.es  a  large  one,  the  following  steps  can  be  taken: 

1)  Run  the  recorded  tapes  on  the  simulation  using  larger  detec- 
tion threshold  values  and  doing  quantized  arithmetic.     List 
bias  and  all  features. 

2)  Perform,  graphical  analysis  of  Tj^,  A^,  E^,  F^,  G^,  Hj^,  K^ 
variation  with  the  detection  threshold. 

3)  Choose  a  value  for  the  detection  threshold  that  lies  well 
within  the  linear  part  of  the  signal  and  which  detects  all 
buses. 

4)  If  the  graphical  analysis  in  2)  shows  a  functional  or  highly 
correlated  relationship  between  the  threshold  and  the  feature 
values,  then  use  this  to  determine  the  new  classifier  coef- 
ficients.    If  the  graphical  analysis  shows  no  sim.plifying 
relationship,  then  retrain  the  classifier  using  the  new 
feature  values. 

5)  Test  the  new  classifier  coefficients  using  recorded  data 
tapes. 

Bias  Estim.ation  --  When  no  vehicle  is  present  the  output  of  the  loop  phase 
detector  is  some  nonzero  constant  value.     This  is  the  bias.     The  bias  is 
expected  to  change  slowly  with  time,  temperature,  etc. ,  and  it  must  be  re- 
moved from  the  signal  value  before  vehicle  detection  or  feature  extraction 
are  done.     The  nornaalized  amplitude  features  are  insensitive  to  bias  esti- 
mate errors,  but  the  normalized  time  features  are  quite  sensitive  as  dis- 
cussed above.     The  sequel  will  summarize  our  experience  with  the  bias  and 
with  ways  of  estimating  it  and  then  discuss  some  of  the  problems  that  may 
arise. 

The  expected  total  range  of  bias  values  is  less  than  8  deg  (i.  e. ,   if  the  loop 
were  initially  calibrated  to  output  0  deg  with  no  vehicle  present,  then  -4  deg 
to  +4  deg  will  contain  all  future  bias  values).     The  initial  simulation  estim^ated 
the  bias  with  a  digital  recursive  low-pass  filter  that  operated  only  when  no 
vehicle  was  present  (i.e. ,  signal  minus  bias  less  than  detection  threshold). 
Time  constants  in  the  range  1/10  sec  -  10  sec  were  satisfactory.     This 
algorithm  involves  a  multiplication,  which  the  preprocessor  cannot  perform.. 
A  second  algorithm  using  shifts  to  replace  the  multiply  was  tested  for  the 
preprpcessor  implementation.     This  did  not  work  because  the  12-bit  pre- 
processor word  was  too  small.     We  next  tried  a  method  that  adds  1  to  the 
bias  estimate  when  the  nonvehicle  signal  is  greater  than  the  estimate  and 
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subtracts  1  when  the  signal  is  less  than  the  estimate.     This  is  about  as  simple 
as  a  low-pass  filter  can  be,   and,  when  tested,   it  worked. 

The  disadvantage  of  this  up/down  counter  m.ethod  of  filtering  lies  in  the  inter- 
relation between  time  constant  and  quantization.     The  time  constant  is  set  by 
the  time  interval  between  successive  bias  tests  (the  bias  estimate  is  com- 
pared with  the  sampled  signal  value  only  once  every  N  samples).     A  count  of 
1  up  or  down  corresponds  to  the  signal  quantization  value  ('^  1/4  deg  at 
present).     Thus  if  the  time  interval  is  too  small  the  filter  may  jump  up  and 
down  rapidly,   so  the  time  interval  is  chosen  large  to  m.ake  the  output  rela- 
tively smooth.     But,   since  this  filter  does  not  smooth  the  values  finer  than 
the  quantization  level,  an  error  in  the  bias  estimate  cannot  be  corrected  for 
the  full  time  interval  nor  is  it  compensated  for  by  smoothing.     This  causes 
a  problem,  when  the  bias  correction  time  happens  to  occur  when  the  signal  is 
increasing  due  to  an  approaching  vehicle  but  before  the  signal  reaches  the 
threshold.     In  this  case  the  bias  will  be  increased  one  quantization  interval 
above  its  correct  value  and  the  time  estimates  will  be  in  error,  as  discussed 
previously. 

For  a  large  bias  correction  time  interval  (2-4  sec),  this  situation  is  infre- 
quent since  the  increasing  part  of  the  signal  is  less  than  0.  2  sec  long.     But 
the  error  can  occur  another  way.     A  vehicle  in  the  adjacent  lane  or  a  lane 
straddler  can  cause  a  small  increase  in  signal  level  that  looks  like  a  rapid 
bias  increase.     If  this  happens  before  a  vehicle  comes  by  in  the  main  lane 
then  the  bias  estimate  is  almost  certain  to  be  too  large.     Something  of  this 
happened  in  about  25  percent  of  the  Washington  street  data.     Using  a  larger 
vehicle  detection  threshold,   as  discussed  in  2),  would  cure  this  problem  by 
making  the  time  features  insensitive  to  bias  errors.     An  alternate  but  less 
desirable  way  would  be  to  introduce  bias  smoothing. 

By  using  scaled  values  (stored  value  =  2°  x  bias  estimate)  the  smallest  bias 
estimate  increment  can  be  made  a  fraction  of  the  quantization  interval.     Thus 
an  error  would  have  to  persist  for  a  number  of  correction  intervals  before 
its  effect  would  appear  in  the  lowest  significant  position.     To  implement  this 
in  the  preprpcessor  without  using  the  shift  instructions: 

Scaled  bias  estimate    ^     A 

o 

add  bias  increment   ' 

memory  =  new  scaled  bias  estimate 
A.  =  bias,  unsealed 

This  would  handle  a  0  deg  -  4  deg  range  of  bias  value,  and  could  be  expanded 
to  0  deg  -  8  deg  by  using  arithmetic  overflow  detection. 
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For  the  sake  of  simplicity  of  implementation  and  because  the  simulation  was 
relatively  insensitive  to  the  following  method  of  bias  estimation,  a  simple 
scheme  of  bias  correction  was  employed.     At  present,  the  preprocessor  adds 
or  subtracts  1  from  the  bias  estimate  if  the  estimate  is  less  than  or  greater 
than  the  nonvehicle  signature  value.     The  estimate  is  not  change  Lf  it  is  equal 
to  the  nonvehicle  signature  value.     This  update  process  occurs  once  every 
1.  5  seconds. 


FM  Loop  Detector  Analysis 

Forty- five  non-bus  and  10  bus  runs  were  made  and  recorded  on  analog  tape. 
The  analog  tape  was  thenprocessed  by  the  bus  detector  classifier  hybrid 
simulation  developed  previously  for  the  loop  phase  detector.     With  no  changes 
in  any  of  the  simulation's  parameters,  the  classification  results  were: 

Non-bus  No  errors 

Bus  90  percent  correct  classification 

Because  of  the  small  size  of  this  data  set  and  because  it  contains  no  vehicles 
that  tend  to  look  like  buses,  this  result  must  be  treated  as  only  a  rough  indi- 
cation of  how  the  classifier  can  perform  when  using  the  FM  loop  detector. 

The  FM  loop  detector  is  an  asynchronous  device.     Successive  output  values 
occur  at  time  intervals  that  depend  upon  the  instantaneous  frequency  of  the 
loop  oscillator.     The  D/A  converter  is  a  ladder  network  that  responds  like  a 
summing  amplifier  with  each  bit  of  the  FM  output  word  being  a  separate  input. 
The  recorded  analog  signal  is  thus  a  step  waveform  with  the  steps  occurring 
at  unequal  intervals.     The  hybrid  simulation  also  operates  asynchronously 
and  independently  of  the  step  intervals  on  the  input  tape.     The  digital  sample 
inputs  to  the  simulation  can  thus  occur  at  any  time  during  the  interval  corre- 
sponding to  one  output  value  from  the  FM  detector.     It  is  also  possible  that 
the  simulation's  sample  is  taken  at  the  time  when  the  waveform  is  changing 
from  one  step  value  to  the  next.     In  this  case,  the  sampled  voltage  will  be 
distorted  by  the  transient  characteristics  of  the  D/A  converter,  the  tape 
recorder  and  playback  amplifiers  and  the  PACER  input  am.plifiers  which 
potentially  can  produce  signal  values  that  are  not  representative  of  values 
that  would  appear  in  an  all-digital  device.     These  possible  differences  be- 
tween the  simulation  and  the  actual  implementation  of  the  FM  loop  detector 
give  another  reason  for  treating  the  preliminary  results  as  only  indications 
of  true  performance. 

To  obtain  maximum  information  about  the  FM  loop  detector  from  the  small 
data  set,  tests  were  performed  to  determine  the  sensitivity  of  the  classifica- 
tion to  changes  in  the  simulation's  parameters.     The  first  parameter  is  the 
change  in  signal  sampling  time  produced  by  processing  the  recording  a  num- 
ber of  times.     Since  the  computer  and  the  tape  recorder  are  not  synchronized. 


54 


the  time  points  at  which  the  signal  is  sampled  depends  upon  precise  position 
of  the  analog  tape  at  the  time  the  first  sample  is  made  and  tHs  is  a  random 
variable.     Hopefully,  the  classifier  would  not  be  affected  by  this  random 
variable,  since  this  is  equivalent  to  the  absolute  tim.e  at  which  a  vehicle 
arrives  at  the  loop  and  it  would  be  bad  to  have  the  classifier  depend  on  the 
time  of  day.     The  feature  values  and  classifications  for  the  phase- loop  detec- 
tor are  not  affected  by  the  starting  time;  however,  the  FM  loop  data  when 
processed  four  times  yielded  zeix)  errors  once,  one  error  twice,  and  two 
errors  once.     Even  on  the  vehicles  that  were  classified  correctly,  the  feature 
values  differed  between  trials;  and  of  the  10  moving  bus  recordings,  five  of 
them  were  called  "stopped  bus"  at  least  once  during  the  four  processing 
trials. 

The  other  parameter  that  was  varied  was  the  "peak  tolerance  theshold.  " 
This  value  determines  when  a  peak  occurs.     For  the  loop  phase  detector, 
this  parameter  was  tested  over  a  50  percent  to  200  percent  of  nominal  range 
without  affecting  the  classifier.     For  the  FM  loop  detector,  the  tolerance 
must  be  considered  to  be  an  integer  multiple  of  the  data  quantization,   (q  = 
signal  change  that  produces  a  change  of  1  bit  in  the  detector  output).     The 
starting  time  tests  were  done  with  tolerance  =  q.     Two  additional  tests  were 
run  with  tolerance  =  2q  and  3q.     For  the  2q  case,   there  were  no  errors  and 
for  the  3q  case,  there  was  one  error.     With  a  test  size  of  1,  we  can  conclude 
that  q  and  2q  yield  the  same  result,  but  for  3q,  the  error  was  caused  by 
failure  to  detect  the  bus  at  the  gross  test.     One  peak  was  too  small  to  be  seen 
at  this  tolerance  level.     Thus,  we  are  confronted  with  the  smallest  significant 
signal  change  being  only  twice  as  large  as  the  smallest  observable  change. 
This  appears  to  be  a  critical  point. 

Until  m.ore  experiments  are  done,  we  can  only  conjecture  about  the  way  to 
resolve  these  problems.     It  is  possible  that  the  starting  time  dependence  is 
a  result  of  the  D/A  transient  response  coupled  with  asynchronous  sampling. 
If  so,  then  the  simulation  must  be  changed  to  assure  that  the  step  values 
are  sampled  only  at  steady  state,  thus  making  the  simulation  agree  with  how 
the  actual  device  would  operate.     Alternatively,   it  may  be  that  the  starting 
time  dependence  is  related  to  the  quantization /tolerance  interaction.     If 
further  investigation  confirms  that  the  quantization  and  tolerance  are  critic- 
ally related,  then  we  will  have  to  consider  increasing  the  1  MHz  oscillator 
frequency  (Figure  33)  and /or  increasing  the  number  of  bits  in  the  output 
register.     The  latter  would  impact  the  preprocessor  design  by  making  multi- 
ple precision  operations  or  larger  word  size  necessary. 

In  conclusion,  examination  of  one  small  data  set  indicates  that  the  FM  loop 
detector  has  the  same  classification  potential  as  the  loop  phase  detector,  but 
it  has  unique  potential  difficulties  that  will  require  more  data  collection  and 
analysis  to  resolve. 
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Bus  Priority  Control  Unit  -  Software 

The  software  developed  for  the  passive  bus  detector  system  is  documented  in 
Volume  II  of  this  report,  which  contains  Appendices  A,  B,  and  C. 

FORTRAN  IV  Version  of  the  Vehicle  Classification  Algorithm 

This  program  duplicates  the  logic  and  arithmetic  operations  of  the  vehicle 
classification  algorithm,  which  operates  in  the  microcomputer  unit  of  the 
BPCU.     This  progia  m  is  written  in  FORTRAN  IV  for  operation  on  a  general- 
purpose  computer.     Using  this  program,  the  vehicle  classification  can  be 
analyzed  offline  with  respect  to  the  classification  or  rejection  of  particular 
vehicle  signatures. 

See  Appendix  A,  Volume  II,  of  this  report. 

BPCU  Program  for  Minneapolis  Installation 

This  program  is  written  for  the  field  test  of  the  Passive  Bus  Detector  system 
in  Minneapolis.     The  detector  configuration  consists  of  a  pair  of  detectors 
(upstream,  pre-empt,  downstream  clearance)  on  opposing  approaches  along 
the  main  street.     No  detectors  are  placed  on  the  cross  street. 

The  pre-empt  operation  includes  both  green  extension  on  the  main  street  and 
green  advance  by  contraction  of  the  cross- street  green. 

The  timing  plan  for  the  traffic  signals  consists  of  two  sequences  of  intervals. 
Traffic  flows  both  directions  on  both  streets.     Opposite  directions  are  con- 
trolled identically.     There  is  no  special  signalization  for  the  buses  or  for 
turning  movements. 

See  Appendix  B,  Volume  II,  of  this  report. 

BPCU  Program,  for  Washington  Installation 

This  program  is  written  for  the  field  test  of  the  Passive  Bus  Detector  system 
in  Washington,  D.  C.     The  detector  configuration  consists  of  one  detector  in 
a  curbside,  reserved  bus  lane  on  the  main  street.     The  cross  street  access 
from  one  side  makes  a  T  intersection. 

The  pre-empt  operation  involves  the  insertion  of  a  sequence  of  intervals  on 
the  special  bus  signalization  and  stopping  of  the  parallel,  same  way  traffic 
on  the  main  street.     The  bus  is  detected  and  classified  downstream  of  the 
passenger  loading  zone  and  upstream  of  the  stop  bar.     The  exclusive  green 
for  the  bus  may  be  extended  incrementally  for  each  additional  bus  during  the 
timing  of  that  interval. 
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A  bus  classification  during  the  cross  street  sequence  causes  the  insertion 
of  the  bus  sequence  in  the  next  cycle. 

The  timing  plan  for  the  traffic  signals  consists  of  three  sequences  in  addition 
to  the  bus  sequence  which  replaces  intervals  at  the  beginning  of  the  main 
street  sequence.     Traffic  flows  both  directions  on  the  main  street  and  the 
cross  street.     The  southbound  flow  on  main  street  has  a  left  turn  signaliza- 
tion  for  entrance  to  the  cross  street.     The  bus  has  special  signalization  for 
its  exclusive  green  interval. 

See  Appendix  C,  Volume  II,  of  this  report. 

Bus  Priority  Control  Unit  -  Hardware 

Introduction 

The  Bus  Priority  Control  Unit  (BPCU)  consists  of  the  bus  detector  and  inter- 
section control  hardware  exclusive  of  the  inductive  loop  electronics.     Fig- 
ure 7,   in  Section  II,   is  a  functional  block  diagram  of  the  BPCU  that  shows, 
with  the  exception  of  the  power  supplies,  the  major  electronic  subsystems. 
The  operation  of  each  subsystem  is  discussed  in  detail  in  the  pages  that  fol- 
low.    Figure  8,  also  in  Section  II,  is  the  completed  assembly. 

Loop  Electronics 

Having  chosen  the  inductive- loop  transducer  for  the  bus  detector,  we  had  to 
settle  on  a  loop- detector  design.     The  hardware  had  to  yield  the  same  vehicle 
signatures  as  were  gathered  using  instrumentation.     In  order  to  understand 
the  loop- detector  electronics  a  little  better,  we  will  discuss  briefly  the 
theory  of  operation  of  the  inductive  loop. 

Figure  27  is  a  lumped- constant  schematic  diagram  of  an  ILD  transducer  sec- 
tion.    The  capacitance,  C,  consists  of  the  loop  lead-in  capacitance  plus  an 
additional  discrete  capacitance  in  the  detector  electronics  which  is  required 
to  make  this  circuit  a  parallel- tuned  circuit.     The  inductance,   L,   is  made  up 
of  the  lead-in  inductance  plus  the  loop  in  the  roadway.     The  circuit  resistance, 
R,  consists  of  the  DC  resistance,  plus  skin-effect  resistance,  of  the  lead-in 
and  the  loop.     Although  these  parameters  are  made  up  of  fixed  and  dis- 
tributed impedances,  a  lumped- constant  model  such  as  Figure  27  is  a  reason- 
able first- order  representation  of  the  2?eal  world. 
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Figure  27.     Inductive- Loop  Transducer  Circuit 

The  principle  of  operation  is  that  when  a  vehicle  passes  over  the  loop,  its 
inductance  changes.    For  a  three-turn,   6-ft  x  6-ft  loop  of  72  jiH,  this  change 
is  typically  0.  23  percent  for  a  motorcycle  to  8  percent  for  an  automobile.  1 
The  tuned  circuit  is  thus  detuned  from  its  resonant  condition.     The  task  of 
the  detector  electronics  is  to  detect  this  detuning. 

Detuning  of  a  tank  circuit  can  be  detected  in  three  ways:    (1)  the  voltage 
change  across  the  tank  can  be  detected;  (2)  the  phase  shift  between  the  driving 
source  and  the  tank  oscillation  can  be  detected;  and  (3)  the  new  resonant  fre- 
quency of  the  tank  with  the  vehicle  present  can  be  determined.     Of  these, 
only  methods  2  and  3  will  be  considered  for  further  discussion.     Most  com- 
mercial loop  detectors  today  use  method  2.     Method  1  will  not  be  considered 
because  the  total  magnitude  change  is  very  small  when  compared  with  the 
sensitivity  obtainable  via  phase  detection.     Field  tests  at  Honeywell  have 
shown  that  the  amplitude  change  must  be  amplified  by  500  or  more  to  achieve 
the  same  signal  level  as  the  phase-shift  signal  which  is  amplified  by  7.     The 
reason  for  this  is  that  loop  Q's  are  typically  low  (5  to  16).     This  indicates 
that  higher  S/N  ratios  can  be  achieved  by  methods  other  than  amplitude 
detection. 


The  equations  for  determining  resonance  of  the  tuned  circuit  of  Figure  27  are: 
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These  equations  can  be  derived  from  the  Y  parameters  of  the  circuit.     If  we 
develop  these  one  step  further  by  letting  Q  =  WqL/R,  we  get 


and 


-11  2 

tan  ^  [Q  \^o    CL 


t 


(5) 


Now  we  can  use  these  equations  to  predict  the  phase  and  frequency  response 
of  a  tank  circuit  which  is  detuned  by  vehicle  presence. 

If  Q  isheld  constant  while  the  loop  inductance  (excluding  the  lead-in)  is 
changed,  we  get  Figures  28  and  29.     The  parameter,  D,  is  the  lead-in  length. 
Both  Q  and  D  are  m^easured  values  from  field  tests  at  Honeywell.     Table  2 
lists  the  loop  and  lead-in  parameters  used  to  generate  Figures  28  and  29. 

Table  2.     Loop  and  Lead-in  Parameters 

Loop  Lead-in 

Number  of  turns  3  Inductance  0. 22  laH/ft 

Inductance  72  |j,H  Capacitance  24  pF/ft 

From  Figures  28  and  29  the  electronics  designer  can  expect  to  see  the  range 
of  values  within  which  his  circuit  must  operate. 

Some  concern  existed  during  the  program  as  to  which  parameter  in  the 
inductive -loop  transducer  should  be  operated  upon  by  the  detector  electronics 
for  best  long-term  performance,   especially  when  one  considered  the  effects 
of  Q.     A  well-known  fact  is  that  as  soon  as  a  loop  and  its  lead-in  is  installed, 
the  Q  begins  to  deteriorate  due  to  insulation  breakdown  on  the  wire  itself  and/ 
or  deterioration  of  electrical  connections  in  the  loop  circuit.     Most  loop 
detectors  today  require  a  loop  Q  of  5  or  greater  for  good  operation.     The 
concern,  then,  was  which  parameter,  frequency  shift  or  phase  shift,   more 
tolerant  of  long-term  changes  in  loop  Q. 
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Figure  28.     Transfer  Characteristic,   F    vs  L 
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Figure  29.     Transfer  Characteristic,   0  vs  L 
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Equations  (6)  and  (7)  below,   derived  from  Equations  (2)  and  (3),  were  used 
to  calculate  the  set  of  curves  shown  in  Figures  30  and  31.     These  curves 
show  the  effect  of  Q  upon  phase  and  frequency  shift  for  various  given  lead-in 
lengths,  allowing  Q  to  change  with  vehicle  passage.     These  curves  are  based 
upon  a  percentage  change  in  total  inductance  due  to  a  vehicle.     A  scale-factor 
curve.  Figure  32,  is  needed  to  convert  percent  total- inductance  change  to  a 
percent  loop- inductance  change.     One  can  readily  see  from  Figures  30  and  31 
that  for  Q  >  5,  a  detector  based  upon  measuring  frequency  shift  (FM)  has 
more  constant  output  signal  for  a  given  percent  inductance  change  as  Q  is 
changed.     That  is. 
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Figure  30.     Frequency  Change  versus  Q  for  a  =  Change  in 
Total  Inductance 
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Figure  31.     Phase  Shift  vs  Q  for  a  =  Change  in  Total  Inductance 


D=50,  Q=16.3 

D=  100,  Q=  13.1 
D=  150,  Q=  10.8 

D=  250,  Q=  8.0 
D=  350,  Q=  6.3 


a  =  CHANGE  IN  TOTAL  INDUCTION  VERSUS 
e  =  CHANGE  IN  LOOP  INDUCTANCE 

Figure  32.     Scale  Factor  Curves 
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Although  the  foregoing  analysis  showed  an  FM  loop  detector  to  be  superior  to 
a  phase -mode  detector,   with  considering  changes  in  Q,   the  loop  detector 
design  proceeded  with  the  phase  mode.     The  overriding  reason  for  this  was 
that  the  signature  acquisition  effort  was  nearly  completed  and  not  enough 
signature  data  existed  from  the  FM  mode  detector.     The  bus  detector  classi- 
fier design,   based  on  the  phase  mode,  was  also  close  to  completion  at  this 
time.     Also,   insufficient  project  funds  existed  to  evaluate  and  develop  a  new 
bus  detector  based  on  the  FM  mode.     The  decision  was  made,   therefore, 
that  the  bus  detector  preprocessor  should  be  designed  to  accept  the  FM-mode 
loop  electronics,   with  little  redesign,   at  a  future  date.     Nonetheless,   some 
limited  amount  of  field  data,  was  taken  on  the  FM  mode. 

The  signature  data  base  for  the  bus  detector  program  (see  Volume  III)  in- 
cludes those  taken  with  FM  electronics  which  were  designed  especially  for 
signature  acquisition  (see  Figure  33).     Runs  395  through  449  contain  signa- 
tures of  a  Volkswagen,   Step  Van,   Station  Wagon,   and  a  Transit  Bus.     The 
data  log  contains  the  detailed  test  conditions. 

When  runs  395-449  are  compared  with  earlier  runs  under  the  same  test  con- 
ditions in  which  the  phase  response  was  recorded,   one  finds  a  striking 
similarity  between  the  signatures.     The  same  signature  features  are  present 
in  both  cases.     A  discussion  of  how  these  data  were  analyzed  is  included  in 
preceding  sections  of  this  report. 

Figure  33  is  a  schematic  of  the  FM-loop  electronics.     Ql  is  the  oscillator 
which  drives  and  resonates  with  the  loop.     Its  frequency  is  dependent  upon 
the  loop  and  lead-in  impedance,   and  is  designed  to  operate  near  100  kHz. 
Amplifier  Al  converts  the  sine-wave  signal  on  the  loop  to  a  square  wave,   for 
digital  processing.     U8  is  a  period  counter  which  counts  12  5  periods  of 
oscillation  of  Ql.     Ul  and  U2  are  binary  counters  which  function  as  a  12 -bit 
counter,   driven  by  the  1-MHz  crystal  oscillator.     At  the  end  of  12  5  Ql  per- 
iods,  the  counter  (Ul,   U2)  value  is  loaded  into  a  12-bit  register  (U3,   U4,   U5). 
Flip-flop  U9  and  associated  gates  control  the  above  process.     As  the  loop 
inductance  changes,   therefore,   with  the  vehicle  presence,   the  register  value 
(U3,   U4,   U5)  changes  proportionally. 

Now,   in  order  to  easily  record  the  12 -bit  register  values,   i.  e.  ,    signature, 
the  digital  values  must  be  converted  to  an  analog  signal.     U6  and  U7  are  logic 
level  converters  which  change  the  CMOS  levels  to  TTL.     UIO  is  a  D/A  con- 
verter,    A2  is  a  summary/buffer  amplifier  for  the  D/A  converter,     A3  is  a 
variable -gain  amplifier. 

The  schematic  diagram  of  the  phase-loop  electronics  designed  for  the  bus 
detector  is  located  in  Appendix  III  of  this  volume.     Digital  ICs  are  used 
wherever  possible  to  minimize  production  costs. 


63 


CDs 


■r 


>      2|  o\ 


>     ;5 


J-& 


^     T  o 

=^      ^  "T 

o  <= 

s  " 


n 


-O 


Z7 


0 


ri\-> 


?o-^vv — o 


--H> 


-i^ 


juju 


-VvA-C> 


-W^r^W^ 


-vAA^ 


-vW- 


nnmnrn-. 


o 
u 

(U 

Q 

ctS 
!h 

> 
•p-i 

u 

Q 

a. 
o 
o 
J 
I— 1 

cti 

-♦-> 

•51) 
Q 


CO 
CO 

u 


64 


The  floating  loop  is  driven  by  a  crystal  oscillator-biphase  generator-buffer 
circuit,   U2.     U2  is  a  CMOS,    digital,   hex-buffer  IC.     The  vehicle  signature 
is  picked  off  the  loop  by  transformer,   Tl,   to  get  common-mode  noise  rejec- 
tion.    The  loop  oscillations  are  squared  by  amplifier  Al  and  sent  to  the  phase 
detector,    Ul,   where  they  are  compared  with  the  oscillator  reference.     Ul  is 
a  digital  CMOS  exclusive-OR  IC  and  produces  a  pulse  width  which  is  propor- 
tional to  the  input  phase  difference.     Amplifier  A2  emplifies  the  phase  differ- 
ence produced  by  Ul  and  is  integrated  by  the  RC  network.     Switches  S4,    S5 
and  associated  resisters  provide  variable-gain  adjustment  on  A2.     This  is  to 
compensate  for  lower  signal  levels  in  reinforced  roadways  and  long  lead-ins. 
U3  is  another  phase  detector,   used  for  tuning,   which  indicates  which  side  of 
null  the  detector  is  tuned.     Ql,   Q2  and  associated  light -emitting  diodes 
(LEDs)  are  used  for  tuning,   as  are  switches  SI -S3  and  associated  capacitors. 

U4,   U5,   Q3  and  associated  LEDs  are  used  by  the  preprocessor  to  sense  the 
power-up,   background  initialization  condition.     When  power  is  first  applied, 
or  switch  S5  is  pressed,    flip-flop  U3  is  cleared.     This  is  sensed  by  the  pre- 
processor which  performs  a  long-term  background  average  and  resets  U5 
when  complete. 

Power  for  the  loop-detector  circuits  is  supplied  by  two  power  supplies: 

1.  +5V  -  Acopian  Model  5E50A  (500  mA) 

2.  ±12V  -  Electrostatics,    Inc.    Model  10-1212  (350  mA) 

The  power  supplies  are  arranged  so  that  up  to  four  loop  detectors  can  be 
powered  from  one  pair  of  supplies.     Figure  34  is  a  photograph  of  the  inductive- 
loop  electronics. 

Tuning  procedures  are  contained  in  Appendix  I  of  this  volume. 

Preprocessor 

The  preprocessor  (PP)  is  a  data-reduction  device  whose  purpose  is  to  con- 
dense and  operate  upon  real-time  analog  data  from  a  minimum  of  16  traffic 
detectors.     In  performing  this  function,   the  preprocessor  acts  as  a  front-end 
device  for  the  bus  classifier  computer  (microprocessor)  (Figure  35). 

The  specific  operations  performed  on  each  analog  detector  signal  are:    (1) 
determine  the  number  of  peak  values  in  the  vehicle  signature,   (2)  measure 
the  peak  value(s)  in  the  signature,   (3)  determine  the  time  intervals  between 
specific  events  in  the  signature,   (4)  transfer  the  above  information  to  the 
MCU,   and  (5)  perform  long-term  (background)  signal  averaging  for  use  in 
threshold  detection.     In  order  to  extract  the  above  features  in  real-time 
from  a  large  number  of  vehicle  signatures,    16  minimum,   the  preprocessor 
was  designed  to  be  a  microprogrammed,   digital  device.     Performing  feature 
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Figure  34.     Inductive  Loop  Detector 
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Figure  35.     Bus  Classifier  Baseline  Functional  Block  Diagram 
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extraction  in  a  digital  preprocessor,   instead  of  analog,   offers  some  very- 
good  advantages.     For  instance,   a  digital  preprocessor  can,   up  to  a  point, 
simultaneously  process  several  vehicle  signatures  without  adding  hardware 
for  each  detector.     Also,   functional  hardware  parameters  can  be  more 
closely  defined  and  controlled  in  a  digital  processor.     Thirdly,   a  digital 
preprocessor  is  less  susceptible  to  temperature  and  component  aging  than 
an  anal6g  preprocessor.     Finally,  the  performance  of  a  digital  preprocessor 
can  be  more  consistent  from  unit  to  unit. 

A  side  benefit  of  a  digital  processor  is  that  it  can  perform  a  long-term 
(background)  signal  average  for  each  detector  without  any  hardware  penalty. 
Performing  the  long-term  signal  average  in  software  releases  the  detector 
electronics  from  having  to  track  temperature  variations  of  the  transducer  or 
track  long-term  component  aging  in  the  detector.     This  means  that  the 
detector  electronics  can  be  made  much  cheaper. 

The  analog  multiplexer  (MUX)  and  the  A/D  converter  shown  in  Figure  35  are 
an  integral  part  of  the  preprocessor  and  are  located  on  the  preprocessor 
circuit  boards.     Figure  36  is  a  flow  diagram  which  shows  the  general  process 
by  which  each  and  every  vehicle  signature  is  stripped  of  its  significant  fea- 
tures.    In  order  to  perform  these  functions,   the  preprocessor  has  the  follow- 
ing general  characteristics: 

•  Program  memory:    256  words  x  12  bits  (PROM) 

•  Arithmetic  logic  unit:    12  bits  wide 

•  Temporary  memory  storage:    2  56  words  x  12  bits  (RAM) 

•  Speed:    2-|asec  machine  cycle  (instruction  lookup  plus  execution) 

Preprocessor  Functional  Description  --  The  basic  building  blocks  of  the 
preprocessor  (Figure  37)  are:    (1)  control  memory,   where  the  microprogram 
is  stored;  (2)  A^.,   A^ ,    B,   and  C  registers  (working  registeres)  where  data 
are  temporarily  stored  and  manipulated;  (3)  arithmetic  logic  unit  (ALU), 
where  mathematical  operations  are  performed;  and  (4)  preprocessor  memory, 
where  individual  detector  data  are  stored.     Of  course,   interspersed  among 
these  building  blocks  are  other  registers,   gates,   etc.  ,   which  integrate  the 
system  as  a  whole. 

An  integral  part  of  the  preprocessor  is  the  detector  interface  which  multi- 
plexes the  signals  from  a  maximum  of  16  detectors.     This  interface  will  be 
described  in  detail  in  later  sections. 


General-Purpose  Registers  --  The  preprocessor  contains  four  general- 
pur  p( 
lows 


purpose  working  registers:    A„,  A       B,   and  C,     Their  functions  are  as  fol- 
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Figure  36.  Preprocessor  Flow  Diagram 
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•  Register  Aq  is  designated  the  accumulator  for  arithmetic 
operations.     It  is  12  bits  wide. 

•  Register  A^  is  a  12 -bit  register  which  is  intended  for  use  in 
conjunction  with  the  ALU  in  arithmetic  operations. 

•  Register  B  is  12  bits  wide  and  is  intended  for  use  with  the 
ALU  in  arithmetic  operations. 

•  Register  C  is  a  12 -bit  register  which  is  intended  for  temporary- 
storage.     It  has  a  bidirectional,   bus  capability. 

Memory  Address  Register  --  The  memory  address  register  (MAR)  is  an 
eight-bit  register  used  for  memory  data  references.     The  MAR  is  divided 
into  two  sections  as  shown  in  the  sketch  below.     The  upper  four  bits,   3-6, 
are  used  to  indicate  a  particular  block  of  detector  data 


7 

6                3    2             0 

N 
U 

in  the  preprocessor  memory.     The  lower  three  bits  are  used  to  indicate 
particular  detector  data  within  a  particular  block  of  data.     Bit  7  is  unused. 
The  entire  register  can  be  incremented  or  decremented  by  one,   in  binary 
sequence,   upon  command. 

Jump  Register  --  The  jump  register,  which  is  eight  bits  wide,   is  used  to 
maintain  a  stable  jump  address  during  the  time  when  the  contents  of  the  con- 
trol memory  are  changing. 

Control  Memory  Address  Register  --  The  control  memory  address  register 
is  an  eight-bit  counter  register  which  provides  a  sequential,  binary  address 
for  the  control  memory.     This  register  is  capable  of  being  located  (bit 
parallel)  from  the  jump  register,   incremented  as  a  binary  counter,  and 
cleared  to  zero. 

Control  Memory  (CM)  --  The  preprocessor  instructions  are  organized  on  a 
12 -bit  word  basis.     The  upper  four  bits,  most  significant,   contain  the  coded 
instruction.     The  lower  eight  bits  contain  address  and /or  data  as  the  instruc- 
tion requires. 


11              8 

7                              0 

Instr. 

Data  or  Address 
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Detector  Interface  --  The  detector  interface  provides  data  and  control  paths 
between  the  detectors  and  the  preprocessor.     A  function  diagram  is  shown  in 
Figure  38. 

Data  Path  --  The  interface  data  path  starts  with  a  16-channel  analog  multi- 
plexer which  selectively  transfers  each  detector  signal  to  the  A/D  converter. 
The  A/D  converter  converts  the  analog  signature  amplitude  output  to  an 
eight-bit,   bit-parallel  'data  word  in  4  |JLsec.     Each  detector  is  sampled  every 
4  m.sec.     The  two  digital  MUXs  enable  the  preprocessor  to  monitor  the  status 
of  each  detector. 

Instructions  --  The  preprocessor  instructions  are  defined  in  the  following 
paragraphs  along  with  their  machine  codes  and  mneumonics. 

Arithmetic  CAR)  --  All  arithmetic  instructions  shall  be  defined  by  this 
operational  code  in  addition  to  specific  instructions  listed  in  Table  3 : 

11  8 

I    0001 


In  Table  3,   the  following  definitions  apply  for  the  symbols  contained  therein: 

A  =      Contents  of  Register  Al 

B  =      Contents  of  Register  B 

F  -      Output  (i.  e.  ,   "F  =  A  minus  B"  means  output  is  equal 

to  the  result  of  subtracting  the  contents  of  Register  B 
from  the  contents  of  Register  A) 

+  =      Logical  "OR"  (i.  e.  ,    "A  +  B"  means  contents  of 

Register  Al  logically  "AND'd"  with  contents  of 
Register  B) 

A  =      Logical  "not"  (or  inversion)  of  function  with  the  bar 

over  it  [i.  e,  ,    "AB"  means  contents  of  Register  Al 
logically  "AND'd"  with  the  contents  of  Register  B  and 
the  resultant  function  is  logically  "NOT'd"  (inverted)] 

All  subtracting  operation  are  in  2's  complement  arithmetic. 

Bits  6  and  7  are  spare  and  are  to  be  at  logical  "O". 
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Figure  38.     Detector  Interface  Block  Diagram 
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Table  3.     Arithmetic  Instructions 


Bits  0-3 
3210 

Bit  4  =  1 
Logic 
Functions 

Bit  4-0    Arithmetic  Operations 

Bit  5  =  1 

Bit  5-0 

0000 
0001 

F  =  A 

F  =  A 

F  =  A  J-  3 

F  =  A  plus  1 

F  =  (A  +  B)  plus  1 

F  =  A  -^  B 

0010 

F  =  AB 

F  =  A  +  B 

F  =  (A  +  B)  plus  1 

0011 

F  =  0 

F  =  Minus  1  (2's  compl) 

F  =  Zero 

0100 

F  =  AB 

F  =  A  plus  AB 

F  =  A  plus  AB  plus  1 

0101 

F  =  B 

F  =  (A  +  B)  plus  AB 

F  =  (A  +  B)  plus  AB  plus  1 

0110 

F  =  A©B 

F  =  A  minus  B  minus  1 

F  =  A  minus  B 

0111 

F  =  AB 

F  =  AB  minus  1 

F  =  AB 

1000       \ 
1001 

F  =  A  +  B 

F  =  A  plus  AB 
F  =  A  plus  B 

F  =  A  plus  AB  plus  1 
F  =  A  plus  B  plus  1 

F  =  A0B 

1010 

F  =  B 

F  =  (A  +  B)  plus  AB 

F  =  (A  +  B)  plus  ABplus  1 

1011 

F  =  AB 

F  =  AB  minus  1 

F  =  AB 

1100 

F  =  1 

F  =  A  plus  A- 

F  =  A  plus  A  plus  1 

1101 

F  =  A  +  B 

F  =  (A  +  B)  plus  A 

F  =  (A  +  B)  plus  A  plus  1 

1110 

F  =  A  +  B 

F  =  (A  +  B)  plus  A 

F  =  (A  +  B)  plus  A  plus  1 

1111 

F  =  A 

F  =  A  minus  1 

F  =  A 

Each  bit  is  shifted  to  the  next  more  significant  position. 
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Jump  In s tr ucti on s  -~  The  jump  instructions  are  organized  as  shown  below. 
Bits  8-11  indicate  the  operational  code,  while  bits  0-7  contain  the  jump 
address.     If  the  jump  condition  is  true,   the  jump  address  is  loaded  into  the 
CMAR. 


11  8 


Op  Code 


0 


Address 


Jump  if  >  0  (JMPG)  --If  the  contents  of  the  accumulator,  Aq, 
is  greater  than  zero,   the  CMAR  is  loaded  with  the  jump 
address. 

11  8 


0010 


Jump  if  <  0  ( JMPL)  --If  the  contents  of  the  accumulator, 
Aq,    is  less  than  or  equal  to  zero,   the  CMAR  is  loaded 
with  the  jum.p  address. 

11  8 

0011 

Jump  if  =  0  (JMPO)  --If  the  content  of  the  accumulator, 
Aq,  is  equal  to  zero,  the  CMAR  is  loaded  with  the  jump 
address. 

11  8 


0100 


Jump  Unconditional  (JMPU)  --  The  CMAR  is  loaded  with 
the  jump  address. 

11  8 

0101 
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Transfer  Instructions  (TR)  --  The  transfer  instructions  are  organized 
as  shown  below: 


11    8 

7      4 

3     0 

0110 

Source 

Dest 

The  destination,   bits  0-3,   indicates  where  data  on  the  preprocessor  data  bus 
go.     The  source,   bits  4-7,    shall  indicate  where  the  data  originate. 

Sources  —  The  following  codes  cause  the  appropriate  registers,    etc.  , 
to  place  data  on  the  preprocessor  data  bus: 

Code  Source  Mnemonic 

0001  Preprocessor  Memory,   bits  0-11  NEM 

0010  Preprocessor  Memory  Lower,   bits  0-7  MEML 

0011  Preprocessor  Memory  Upper,   bits  8-11  MEMU 

0100  Aq  AO 

0101  C  C 

0110  Data  Input  Register  DIR 

0111  T -Switch  T 

1000  E-Switch  E 

1001  Memory  Address  Register  MAR 

The  memory  upper  and  memory  lower  sources  need  explanation.     The 
memory  upper  source  code  causes  memory  bits  8-11  to  be  placed  on  the  pre- 
processor data  bus  bits  0-3.     The  memory  lower  source  code  causes  memory 
bits  0-7 

Preprocessor  Memory 


Preprocessor  Data  Bus 


to  be  placed  on  the  preprocessor  data  bus  bits  0-7.     Memory  bits  not  directly 
involved  with  these  operations  are  not  affected: 


11 

8 

7 

0 

1 

"V, 

"- 

"^4|3* 

^  0 

1 

Preprocessor  Memory 


Preprocessor  Data  Bus 


11    8 

7       0 

1 

1 

11    8   7       0 

1                  ' 
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Destinations  ~-  The  following  codes  cause  the  data  appearing  on  the 
Preprocessor  data  bus  to  be  loaded  into  the  appropriate  location,   register, 
etc: 

Code  Destination  Mnemonic 

0001  Preprocessor  Memory,   bits  0-11  NEM 

0010  Preprocessor  Memory  Lower,  bits  0-7  NEML 

0011  Preprocessor  Memory  Upper,  bits  8-11  MEMU 

0100  A^  Al 

0101  B  B 

0110  C  C 

0111  MAR  MAR 

1000  Main  Memory  Data  Register  MMDR 

1001  Main  Memory  Address  Register  MMAR 
1010             Aq                                                                                      AO 

The  memory  upper  and  memory  lower  codes  need  explanation.     The 
memory  upper  code  causes  the  preprocessor  data  bus  bits  0-3  to  be 
stored  in  preprocessor  memory  bits  8-11.     The  memory  lower  code  causes 
the  preprocessor  data  bus  bits  0-7 


Preprocessor  Memory 


Preprocessor  Data  Bus 


11 


0 


413        0 


to  be  stored  in  preprocessor  memory  bits  0-7.     Memory  bits  not  directly 
involved 


Preprocessor  Memory 


Preprocessor  Data  Bus 


11 

8      7 

0 

11 

t 

8      7 

f 

0 

with  these  operations  are  not  affected. 
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Move  Instr-uction  --  This  instruction  is  used  where  a  numerical  constant 
is  desired  for  mathematical  operations.     Bits  0-7  of  the  CM  will  contain  the 
data. 


11          8 

7                           0 

xxxx 

Data 

CM  to  Register  C  (CMC)  --  The  contents  of  the  CM  bits  0-7  are 
transferred  to  Register ~C.     Bits  8-11  of  Register  C  are  forced 
to  zero. 

11  8 


0111 


CM  to  Register  B  (CMB)  --  The  contents  of  the  CM  bits  0-7 
are  transferred  to  Register  B.  Bits  8-11  of  Register  B  are 
forced  to  zero. 

U 8 


1000 


Branch  Instructions  (BOCX)  --  These  instructions  are  similar  to  jump 
instructions  in  that  bits  0-7  contain  the  address  which,   if  the  branch  condition 
is  true,   is  loaded  into  the  CMAR.     Bits  8-11  define  the  specific  branch  condi- 
tion as  follows: 


11               8 

7                     0 

XXXX 

Address 

Code  Designation /Mnemonic 


1001 
1010 
1011 
1100 


BOC  1 

BOC  2 

BOC  3 

BOC  4 


Condition 

Processor  not  initialized 
Detector  not  initialized 
ALU  carry 
Bit  0  of  Al  equals  zero 


Discrete  Output  Instructions  (ODSC-)  --  These  instructions  provide  the 
capability  of  pulsing  specific  control  lines  to  various  interfaces.     The 
instruction  format  is  specified  as  follows.     Bits  8-11  designate  this  class  of 
instructions.     Bits  0-3  designate  the  specific  function  number  as  follows: 


11 


■TTW 
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3   0 

xxxx 

0001 
0010 
0100 
1000 
0101 
Olio 


11  8 

1110 

Designation 

Output  Discrete  1 
Output  Discrete  2 
Output  Discrete  3 
Output  Discrete  4 
Output  Discrete  5 
Output  Discrete  6 


0  jXXX 

Function 

Set  preprocessor  initialization  flag 

Set  detector  initialization  flag 

Start  A/D  conversion 

Spare 

Spare 

Store  in  main  memory 


General  Instructions  (GN)  --  The  instructions  which  follow  have  the 
following  format: 

11  8 


1101 


11 


1101 


XXXX 


0 


0000 


Bits  8-11  designate  this  class  of  instructions.     Bits  0-3  designate  the  specific 
instruction. 

•       Increment  MAR  (IMAR)  --  This  instruction  causes  the  MAR 
to  advance  by  one  binary  county. 

7  4 


0001 


Decrement  MAR  (DIVIAR)  --  This  instruction  causes  the  MAR  to 
decrement  the  address  by  one  binary  count. 


Clear  B  Register  (CLRB)  --  This  instruction  causes  the 
contents  of  the  B  Register  to  be  cleared  to  zero. 


0011 
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Clear  C  Register  (CLRC)  •--  This  instruction  causes  the  contents 
of  the  C  Register  to  be  cleared  to  zero. 


0100 


•       Halt  Instruction  (HALT)  --  This  instruction  causes  the  pre- 
processor to  stop  the  CMAR  from  being  incremented  and 
causes  all  preprocessor  timing  to  cease. 


0101 


•       No  Operation  (NOOP)  --  When  the  contents  of  the  control 
memory  are  all  zeros,  no  operation  is  performed. 

11  0 


Special  Functions  -- 

•  Single  Instruction  --  The  preprocessor  is  implemented  with 
the  capability  of  stepping  the  CMAR  one  address  at  a  time. 
The  switch  overrides  the  timing  pulse  which  advances  this 
register  and,  instead,   advances  the  register  one  address. 
A  complete  fetch-execute  cycle  takes  place  each  time  the 
Single  Instruction  switch  is  depressed. 

•  Interrupt  --  An  interrupt  is  generated  in  the  preprocessor 
timing  which  has  a  250-(JLsec  period.     This  interrupt  is  dis- 
abled prior  to  preprocessor  initialization  and /or  when  the 
preprocessor  is  in  a  single -instruction  mode  and/or  when  the 
preprocessor  is  halted.     This  interrupt  sets  the  detector 
sampling  rate. 

•  Run  Switch  --  This  switch  is  used  in  conjimction  with  the  halt 
instruction.     The  switch  is  of  the  momentary- contact  type. 
Pushing  this  switch  causes  the  preprocessor  to  resume  timing 
where  the  CMAR  was  stopped. 

•  Halt  Enable  Switch  —  This  switch  is  capable  of  preventing 
the  halt  instruction  from  halting  the  preprocessor. 

•  Halt  Switch  --  This  switch,   a  momentary- contact  type,   is 
capable  of  halting  the  preprocessor  without  clearing  any 
registers  and  is  independent  of  the  Halt  Enable  switch. 
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Preprocessor  Timing  --  The  preprocessor,  with  the  exception 
of  the  detector  interface,   operates  on  a  fetch-execute  cycle 
which  comprises  the  basic  timing  pattern.     The  fetch  portion 
of  the  instruction  cycle  is  defined  to  be  when  the  CMAR  is 
advanced  to  the  next  address,   and  the  instruction  at  that 
address 


Fetch 


Execute 


One  Instruction  Time    (Cycle) 

is  read  and  decoded.     The  execution  portion  of  the  instruction 
cycle  is  where  the  decoded  instruction  is  performed  and  the 
result  is  stable.     The  preprocessor  instruction  time  is  2  |a.sec 
maximum  for  any  and  all  instructions. 

Program  --  The  program  listing  for  the  preprocessor  is  presented  in  Table  4. 
Column  X  of  the  binary  code  contains  the  most  significant  bits. 

Hardware  Description  --  Table  5  identifies  the  naajor  components  of  the  pre- 
processor schematic,    sheet-by-sheet,   excluding  the  timing  diagram. 

Signal  Names  --  Table  6  identifies  those  signal  names  most  significant  to 
understanding  signal  flow. 

Figure  39  explains  the  switches,   etc.  ,   on  top  of  Card  1  of  the  preprocessor. 
Serial  No.    1  Preprocessor  is  in  the  Minneapolis  BPCU  at  this  time. 

Microprocessor  (fJi-P) 

The  microprocessor  has  the  dual  function  of  performing  the  vehicle  classifi- 
cation algorithm  and  executing  signal  head  controller  functions.  The  follow- 
ing sketch  shows  the  functional  relationship  between  these  two  processes. 


— —-»  PREPROCESSOR 


SIGNAL 

HEAD 

INTERFACE 
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Table  4.     B 

DEC 
ADX 

INCMAR 

000 

NOOP 

001 

BOC  1,   243;^Q 

002 

ODSC,   3 

003 

BOC  2,    193io 

004 

NOOP                 1 

005 

NOOP 

006 

007 

NOOP 

•J 

TR,MEM,B 

008 

TR, 

DIR,  A 1 

009 

AR, 

SUB 

010 

TR, 

AO,C 

Oil 

JMPL,  105 

012 

TR, 

A0,A1 

013 

TR, 

T,B 

014 

AR, 

SUB 

015 

JMPL,  135^0 

016 

GN, 

IMAR 

017 

TR, 

MEMU,A1 

018 

BOC4,  039^0 

019 

AR, 

Al  +  1 

020 

TR, 

AO,MEMU 

021 

GN, 

IMAR 

022 

TR, 

AO,MEM 

023 

GN, 

IMAR 

024 

TR, 

AO,MEMU 

025 

TR, 

MAR,A1 

026 

CMB,2 

027 

AR, 

ADD 

028 

TR, 

AO,MMAR 

029 

TR, 

A0,A1 

030 

TR, 

C,AO 

031 

GN, 

CLRC 

032 

TR, 

C,MMDR 

Bus  Detector  Preprocessor  Program  Listing 


=  IMAR,   MEMU  =  MEMUPR 


To  detector  initialLzation 


A/D  Timer 


\  Is  vehicle  present' 
(Kn-bi) 


J 


033  ODSC,6 

034  TR,AO,C 

035  AR,ADD 

036  TR,  AO,MMAR 

037  ODSC,6 

038  JMPU,  045^0 

039  GN,IMAR 


Presence  flag  set? 


Set  presence  flag 


Inc  Int,   Timer 


Set  positive  slope  flag 


DECMAR  =  DMAR 
Clr  last  ampl,   data 


Clr  status  flag 


BIN 

ADX 

X       Y       Z 

000 

000000000000 

000 

1 

100111110011 

9F3 

2 

111000000011 

E03 

3 

101011000001 

ACl 

4 

000 

5 

000 

6 

000 

7 

011000010101 

615 

010 

011001100100 

664 

1 

000100000110 

106 

2 

011001000110 

646 

3 

001101101001 

369 

4 

011001000100 

644 

5 

011001110101 

675 

6 

000100000110 

106 

7 

001110000111 

387 

020 

110100010000 

DIO 

1 

011000110100 

634 

2 

110000100111 

C27 

3 

000100000000 

100 

4 

011001000011 

643 

5 

110100010000 

DIO 

6 

011001000001 

641 

7 

110100010000 

DIO 

030 

011001000011 

643 

1 

011010010100 

694 

2 

100000000010 

802 

3 

000100101001 

129 

4 

011001001001 

649 

5 

011001000100 

644 

6 

011001011010 

65A 

7 

110101000000 

D40 

040 

011001011000 

658 

041 

111000000110 

E06 

2 

011001000110 

646 

3 

000100101001 

129 

4 

011001001001 

649 

5 

111000000110 

E06 

6 

010100101101 

52D 

7 

110100010000 

DIO 
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Inc  Int.   Timer 

MAR  at  Kn-i 
Which  slope? 


Table  4.     Bus  Detector  Preprocessor  Program  Listing 
(Continued) 

DECMAR  =  DMAR 

DEC 

ADX 

040  TR,MEM,A1 

041  AR,  Al+1 

042  BOC3.044 

043  TR,AO,MEM 

044  GN,  IMAR 

045  GN.IMAR 

046  TR,C,A1 

047  TR.MEM,8 

048  AR,  SUB 

049  JMPO,  lOSj^Q 

050  JMPG,  lOS^o 

051  GN,  DMAR 

052  TR,MEMU,A1 

053  BOC4,  055^0 

054  JMPU,  124^0 

055  GN,IMAR 

056  TR,MEM,A1 

057  TR,C,B 

058  AR,  SUB 

059  JMPL,  126^0 

060  TR,A0,A1 

061  TR,  £,B 

062  AR,SUB 

063  JMPL,  126io 

064  TR,MEM,MMDR     Save  peak  value 

MEMLWR  =  MEML 


>      Slope  flag  sef^ 


> 


Tolerance  >  e  ? 


065  TR,C,MEM 

066  GN.IMAR  % 

067  TR,MEMU,A1 

068  CMB,  3 

069  AR.SUB 

070  JMPO,  078^0 

071  JMPG,  078^0 

072  AR,A1+1 

073  TR,AO,MEMU_^ 

074  TR,MEML,  Al 

075  AR,  Al+1 

076  TR,  AG,  MEML 

077  JMPU,081io 

078  TR,  MEML,  41 

079  AR, Al-1 

080  TR,  AC,  MEML 


Store   kf^-bj^  in  kj^_]^ 


>       Inc  #  peaks  if  <3 


Inc  ADX  index 


Dec  ADX  index 


BIN 

ADX 

X   Y   Z 

050 

011000010100 

614 

1 

000100000000 

100 

2 

101100101100 

82C 

3 

011001000001 

641 

4 

110100010000 

DIO 

5 

110100010000 

DIO 

6 

011001010100 

654 

7 

011000010101 

615 

060 

000100000110 

106 

1 

010001101100 

46C 

2 

001001101100 

26C 

3 

110100100000 

D20 

4 

011000110100 

634 

5 

110000110111 

C37 

6 

010101111100 

57C 

7 

110100010000 

DIO 

070 

011000010100 

614 

1 

011001010101 

655 

2 

000100000110 

106 

3 

001101111110 

37E 

4 

011001000100 

644 

5 

011010000101 

685 

6 

000100000110 

106 

7 

001101111110 

37E 

100 

011000011000 

618 

101 

011001010001 

651 

2 

110100010000 

DIO 

3 

011000110100 

634 

4 

100000000011 

803 

5 

000100000110 

106 

6 

010001001110 

44E 

7 

OOiOOlOOlllO 

24E 

110 

000100000000 

100 

1 

011001000011 

643 

2 

011000100100 

624 

3 

000100000000 

100 

4 

011001000010 

642 

5 

010101010001 

551 

6 

011000100100 

624 

7 

000100101111 

12F 

120 

011001000010 

642 
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Table  4.     Bus  Detector  Preprocessor  Program  Listing 
(Continued) 


MEMLWR  =  MEML 


DEC 
ADX 


081   TR,MAR,A1 

032   CMB,370. 
o 

,083   AR,  AND 

084  TR,MEML,B         V  Get  ADX  in  store  peak 

085  TR,A0,A1 

086  AR,ADD 

087  TR,  AO,MMAR 

088  ODSC,6 

089  TR,A0,A1 

090  AR,A1  +  1 

091  TR,AO,MEML 

092  TR,  AO,C 

093  GN.DMAR 

094  GN,DMAR 

095  GN,DMAR 

096  TR,  MEM,  MMDR 

097  TR,C,MMAR 

098  ODSC,6 

099  TR,MAR,  Al 

100  CMB.B 

101  AR,ADD 

102  TR,AO,  MAR 

103  NOOP 

104  JMPU,  103^0 

105  GN,CLRC 

106  JMPU,  135 

107  GN,HALT 


MAR  at  ADX  Lndex 


^  Update  ADX  Lndex  and 
store  time  interval 


1 


Update  next  detector 
address 


108  GN,  DEC  MAR 

109  TR,MEMUPR,A1 

110  BOC4,  124 

111  GN,INCMAR 

112  TR,C,A1 

113  TR,MEM,B 

114  AR.SUB 

115  TR,A0,A1 

116  TR,  e,B 

117  AR,  SUB 

118  JMPL,  126 

119  ODSC,4 

120  GN,  DECMAR 

121  TR,  MEMUPR,  Al 

122  AR,A1+1 

123  TR,  AO,MEMUPrJ 


Should  not  be  executed, 
MAR  at  k^.i 


Slope  flag  set' 


For  debug  purposes  only. 


>Set  slope  flag 


ADX 

X   Y   Z 

121 

011010010100 

694 

2 

100011111000 

8F8 

3 

000100011011 

118 

4 

011000100101 

625 

5 

011001000100 

644 

6 

000100101001 

129 

7 

011001001001 

649 

130 

111000000110 

E06 

1 

011001000100 

644 

2 

000100000000 

100 

3 

011001000010 

642 

4 

011001000110 

646 

5 

110100100000 

D2  0 

6 

110100100000 

D20 

7 

110100100000 

D20 

140 

011000011000 

618 

1 

011001011001 

659 

2 

111000000110 

E06 

3 

011010010100 

694 

4 

100000000110 

B06 

5 

000100101001 

129 

6 

011001000111 

647 

7 

000000000000 

000 

150 

010101100111 

567 

1 

110101000000 

D40 

2 

010110000111 

587 

3 

110101010000 

D50 

4 

110100100000 

D20 

5 

011000110100 

634 

6 

llCOOlllllOO 

C7C 

7 

110100010000 

DIO 

160 

011001010100 

654 

1 

011000010101 

615 

2 

000100000110 

106 

3 

011001000100 

644 

4 

011010000101 

685 

5 

000100000110 

106 

6 

001101111110 

37E 

7 

111000000100 

E04 

170 

110100100000 

D20 

1 

011000110100 

634 

2 

000100000000 

100 

3 

011001000011 

643 
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Table  4.     Bus  Detector  Preprocessor  Program  Listing 
(Continued) 


DEC 
ADX 

124  GN.INCMAR 

125  TR,C,MEM 


MEMLWR  =  MEML 


Store  (kfj-bj^)  in  k-^-i 
CM  =  11111000 


Update  next  detector 
address.         CM  =  8 


126  TR,MAR,A1 

127  CMB,  STOg 

128  AR,  AND 

129  TR,  A0,A1         ^ 

130  CMB,  8 

131  AR.ADD 

132  TR.AO.MAR 

133  NOOP 

134  JMPU,  133 

135  GN.INCMAR 

136  TR,MEMUPR,  A !>•  Presence  flag  set? 

137  BOC4,  139 


> 


138  JMPU,  192 

139  TR.C.Al 

140  AR,A1+1 

141  TR,A0,A1 

142  TR,  T,B 

143  AR,  SUB 

144  JMPG,  175 

145  TR,MEMUPR,A1 

146  AR,A1-1 

147  TR,  AO,  MEMUPR 

148  ON,  DECMAR 

149  TR.MAR,  C 

150  GN.INCMAR 

151  GN,  INCMAR 

152  TR,  MEM,A1 

153  AR,A1  +  1 

154  BOC3,  157 

155  TR,AO,MMDR 

156  JMPU,  158 

157  TR,]MEM,MMDR 

158  TR,C,MMAR 

159  ODSC6 

160  TR,C,A1 

161  GN,CLRC 

162  TR,C,MEM 


To  long  term  signal  average 


Hysteresis  check 


Reset  presence  flag 


MAR  at  b; 


\  Update  and  store  last 
interval 


Clr  interval 


ADX 

X   Y   Z 

174 

110100010000 

DIO 

5 

011001010001 

651 

6 

011010010100 

694 

7 

100011111000 

8F8 

200 

000100011011 

IIB 

1 

011001000100 

644 

2 

100000001000 

808 

3 

000100101001 

3  29 

4 

011001000111 

647 

5 

000000000000 

000 

6 

010110000101 

5  85 

7 

110100010000 

DIO 

210 

011000110100 

634 

1 

110010001011 

CSS 

2 

010111000000 

SCO 

3 

011001010100 

654 

4 

000100000000 

100 

5 

011001000100 

644 

6 

011001110101 

675 

7 

000100000110 

106 

220 

001010101111 

2AI'^ 

1 

OllOOOllOlOO 

634 

2 

000100101111 

12F 

3 

011001000011 

643 

4 

110100100000 

D20 

5 

011010010110 

696 

6 

110100010000 

DIO 

7 

110100010000 

DIO 

230 

011000010100 

614 

1 

000100000000 

100 

2 

101110011101 

B9D 

3 

011001001000 

648 

4 

010110011110 

59E 

5 

011000011000 

618 

6 

011001011001 

659 

7 

111000000110 

E06 

240 

011001010100 

654 

1 

110101000000 

D40 

2 

011001010001 

651 
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Table  4.     Bus  Detector  Preprocessor  Program  Listing 
(Continued) 


DEC 
ADX 

163  CMB,7 

164  AR.ADD 

165  TR,AO,MMAR 
■166  GN,INCMAR 

167  GN,INCMAR 

168  TR,  C.MEM 

169  GN,  INCMAR 

170  TR,C,MEM 

171  CMC,  1 

172  TR,  C,MMDR 

173  ODSC6 

174  JMPU,  126 

175  GN,  INCMAR 

176  TR,  MEM,A1 

177  AR,  Al+1 

178  BOC3,  180 

179  TR,AO,MEM 

180  JMPU,  126 
181 

182 
183 
184 
185 
186 

187  GN,CLRC 

188  TR,C,MAR 

189  GN,IMAR 

190  JMPU,  189 

191  GN,HALT 

192  GN,DMAR 

193  TR,MAR,  C 

194  TR,MAR,A1 

195  CMB,  6 

196  AR,ADD 

197  TR,AO,  MAR 

198  TR,MEM,A1 

199  BOC2,232 

200  CMB,256io 

201  AR,  SUB 

202  JMPL,  209 

203  TR,A0,A1 

204  CMB,  119io 

205  AR,SUB 


MEMLWR  =  MEML 


Status  adx 


>    Update  adx  and  store 
inter\'al  and  clear  flags 


CM  =  1 

Set  status  bit 


^    Increment  interval 


This  loop  for  debug  only 


Program  should  not  get  here 

Entry  from  FEX 

Entry  from  BOC2;  save  MAR 


Long-term  signal  average 
and  detector  initialization 


BIN 

ADX 

X   Y   Z 

243 

100000000111 

807 

4 

000100101001 

129 

5 

011001001001 

649 

6 

110100010000 

DIO 

7 

110100010000 

DIO 

250 

011001010001 

651 

1 

110100010000 

DIO 

2 

011001010001 

651 

3 

011100000001 

701 

4 

011001011000 

658 

5 

111000000110 

E06 

6 

010101111110 

57E 

7 

110100010000 

DIO 

260 

011000010100 

614 

1 

000100000000 

100 

2 

101110110100 

BB4 

3 

011001000001 

641 

4 
5 
6 
7 
270 
1 
2 

OlOlOUUllO 

57E 

3 

110101000000 

D40 

4 

011001010111 

657 

5 

110100010000 

DIO 

6 

010110111101 

5BD 

7 

110101010000 

D50 

300 

110100100000 

D20 

1 

011010010110 

696 

2 

011010010100 

694 

3 

100000000110 

806 

4 

000100101001 

129 

5 

011001000111 

647 

6 

011000010100 

614 

7 

101011101000 

AE8 

310 

100011111111 

8FF 

1 

000100000110 

106 

2 

001111010001 

3D1 

3 

011001000100 

644 

4 

100001110111 

877 

5 

000100000110 

106 
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Table  4.     Bus  Deteictor  Preprocessor  Program  Listing 
(Continued) 


DEC 
ADX 

206- JMPL,  208 

207  JMPO,  216 

208  TR,MEM,A1 

209  AR,A1+1 

210  TR,  AO,MEM 

211  TR,MAR,  Al 

212  CMB,2 

213  AR.ADD 

214  TR,AO,MAR 

215  J]\1PU,240 

216  TR,  AO,MEM 

217  TR,C,MAR 

218  TR,DIR,B 

219  TR,MEM,A1 

220  AR,  SUB 

221  JMPO,236 

222  JMPL,225 

223  AR,A1-1 

224  JMPU,226 

225  AR,  Al+1 

226  TR,  AO,MEM 

227  TR,C,A1 

228  CMB,  8 

229  AR,  ADD 

230  TR,AO,MAR 

231  JMPU.240 

232  CMB,  126io 

233  AR,  SUB 

234  JMPO,  216 
2  35   JMPU,209 

236  BOC2,238 

237  JMPU,227 

238  ODSC,2 

239  JMPU,227 

240  NOOP 

241  JMPU.240 


MEMLWR  =  MEML 


Clear  sample  count 
Restore  MAR 


Store  new  bi 


] 


Update  new  detector  address 


BIN 

ADX 

X   Y   Z 

316 

001111010000 

3  DO 

7 

010011011000 

4D8 

320 

011000010100 

514 

1 

000100000000 

100 

2 

011001000001 

641 

3 

011010010100 

694 

4 

100000000010 

802 

5 

000100101001 

129 

6 

011001000111 

647 

7 

010111110000 

5FO 

330 

011001000001 

641 

1 

011001010111 

657 

2 

011001100101 

665 

3 

011000010100 

614 

4 

001000000110 

106 

5 

010011101100 

4EC 

6 

001111100001 

3E1 

7 

000100101111 

12F 

340 

010111100010 

5E2 

1 

000100000000 

100 

2 

011001000001 

641 

3 

011001010100 

654 

4 

100000001000 

808 

5 

000100101001 

129 

6 

011001000111 

647 

7 

010111110000 

5FO 

350 

100001111110 

87E 

1 

000100000110 

106 

2 

010011011000 

4DB 

3 

010111010001 

5D1 

4 

101011101110 

AEE 

5 

010111100011 

5E3 

6 

111000000010 

E02 

7 

010111100011 

5E3 

360 

000000000000 

000 

1 

010111110000 

5F0 
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Table  4.     Bus  Detector  Preprocessor  Program  Listing 
(Concluded) 


DEC 
ADX 

242  GN.HALT 

243  GN,  CLRC 

244  TR,  C.MAR 

245  TR,C,  Al 

246  TR,C,  MEM 

247  AR,  Al  +  1 

248  BOC3,252 

249  TR,  AO,  Al 

250  GN.IMAR 

251  Jj\IPU,246 

252  ODSC,  1 

253  TR_,  C,MAR 

254  NOOP 

255  J]\IPU.254 


MEMLWR  -  MEML 


Program  should  never  reach  here 


S  pP  Initialization 


BIN 

ADX 

X   Y   Z 

362 

110101010000 

D50 

.  3 

110101000000 

D40 

4 

011001010111 

657 

5 

011001010100 

654 

6 

011001010001 

651 

7 

000100000000 

100 

370 

101111111100 

EEC 

1 

011001000100 

644 

2 

110100010000 

DIO 

3 

010111110110 

5F6 

4 

111000000001 

EOl 

5 

OUOOIOIOIU 

657 

6 

000000000000 

000 

7 

010111111110 

5FE 
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Table  5.     Major  Compoicients  of  Preprocessor  Schematic 
(Tiraing  Diagram  Excluded) 


Sheet  No, 

IC  Location 

Desci^ption 

1 

3G,  3F 

Register  Al 

4F,4G 

Register  B 

2 

1D-E,1E-F,2D-E 

ALU,    12  bits  in  4-bit  slices 

2  A 

ALU  Overflow  FF,   A>B,   A=B,   and  A<B  F'Fs 

3 

1G,2G,2F 

Accumulator,  AO 

4 

5R,  5P 

Clock  Divider 

5 

4K,5K,5L 

250-p.sec  Interrupt  Generator 

6 

6N 

Switch  Debounce  FFs 

6L 

Halt  and  Single-Cycle  Timing  FFs 

6P 

Halt  and  Single-Cycle  Ciming  FFs 

7 

5B.6C 

Control  Alemory  Address  Register/Counter 

4D,5C 

Instruction  Register 

5E,4E,5D 

Control  Memory 

6D-E,2C-D,  6E-F, 

Instruction  Decoders 

4A,5A 

6A 

Preprocessor  Initialization  FF  and  Jump /Branch 

FF 

3A,2H,  3B,4C 

Jump  and  Branch  Multiplexer 

3H,  4H 

Register  C 

5F,5G,  5n,  6G,6H 

Preprocessoi'  Data  Bus  Drivers 

8 

3G 

Memory  Input  Data  Multiplexer 

5K,  3K 

Memor>  Enable  Control  (write) 

4H,  3H,  IJ,  5J,  2F, 

6J,  3F,2J,  4F,4G, 

RAM  Memory 

2G,  IG 

3J,  4J 

Memory  Address  Register 

1H,2H,  6G,5G,6H,  5H 

Preprocessor  Data  Bus  Drivers 

9 

6B-C 

16-Channel  Analog  Multiplexex- 

4A-B-C,5A-B-C 

A/D  Converter 

5E,6E 

Preprocessor  Data  Bus  Drivers 

6N,6P 

Detector  StatLis  Multiplexers  (input) 

6A-B 

Detector  Output  Command  Multiplexer 
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Table  6.     Signal  Flow  Signal  Names 


Signal 

Function 

Sheets 

BPPDO-11 

Preprocessor  Data  Bus 

1,3,7,8, 

9 

AOO-11 

ALU  Data  Output 

2,3 

FPPINIT 

Preprocessor  Interrupt  Enable 

5, 

GINTR';< 

Interrupt 

5 

INIT';= 

Initialization 

5 

FCYC 

Instruction  Cycle  Enable 

6 

MCMO-11 

Control  Memory  Data  Bus 

7 

RCMARO-7 

Control  Memory  Address  Register  Bus 

7 

/GBOCJMP 

Branch  ON  Condition  and  Jump  Enable 

7 

GSTRTCV 

A/D  Converter  Start  Convert  Pulse 

7,9 

RMARO-7 

RAM  Memory  Address  Register 

8,9 

/GWENl 

Write  Enable,  Lower  8  bits 

8 

/GWEN2 

Write  Enable,   Upper  4  bits 

8 

/MPPO-11 

Memory  Data  Output 

8 

ADETl-16 

Analog  Signal  Input 

9 

FSTATl-16 

Loop  Detector  Status  Input 

9 

/GINITl-16 

Loop  Detector  Initialization  Output 

9 

ADO-7 

A/D  Converter  Data  Output 

9 
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Vehicle  classification  is  performed  based  upon  the  data  received  from  the 
preprocessor.     Simultaneously,   the  microprocessor  cycles  through  the  timing 
plan,  which  is  contained  in  memory,  and  performs  functions  such  as  bus 
preemption,    communicating  with  the  loop  master,   fault  monitoring,   inputting 
data  and  outputting  signal  information.     The  signal  head  interface  receives 
the  digital  traffic  control  words  from  the  microprocessor  and  drives  the 
appropriate  signal  lights. 

One  of  the  first  tasks  of  the  bus  detector  program  was  to  select  a  suitable 
microprocessor.     This  task  was  somewhat  hampered  by  the  fact  that  it  was 
difficult  to  know  exactly  what  capabilities  were  needed  since  the  hardware 
and  software  designs  were  not  yet  completed.     Nevertheless,   a  decision  had 
to  be  made.     To  date,   the  decision  has  proved  to  be  a  correct  one. 

The  features  and  capabilities  of  the  microprocessor  which  were  considered 
in  the  selection  of  a  particular  vendor  were  the  following: 

»  Availability  as  a  microcomputer  system 

•  Interrupt  capability 

•  Capability  of  the  arithmetic  instruction  set 

•  Addressable  memory 

•  Memory  word  size 

•  System  software 

•  Programming  language 

Availability  as  a  Microcomputer  System  --  The  microprocessor  had  to  be 
available  as  a  microcomputer  system  to  which  the  required  memories  and 
peripheral  devices  could  be  obtained  and  interfaced. 

Interrupt  Capability  --  The  MCU  requires  interrupt  capability  for  timing  the 
real-time  control  sequence  and  for  computer  control  unit  functions  (accessing 
memory  and  register  contents,   for  example). 

Arithmetic  Instruction  Set  --  The  vehicle  classification  functions  present  the 
primary  requirements  for  arithmetic  operations  in  the  MCU.     The  necessary 
arithmetic  operations  may  be  implemented  as  firmware,   microprogrammed 
instructions  or  as  software  subroutines  depending  on  the  microprocessor 
and  word  length.     The  required  precision  may  be  achieved  as  double - 
precision  instructions  with  one  microprocessor  and  achieved  as  subroutines 
with  another. 
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The  type  of  arithmetic  operations  has  impact  on  the  precision.     The  arith- 
naetic  may  be  integer,  fixed  point  or  scaled  integer,   or  floating  point. 

Addressable  Memory  --  The  addressable  memory  capabilities  are  evidenced 
as  maximum  memory  size  and  addressing  modes  of  the  instruction  set. 
Directly  addressable  memory,   the  extent  of  program  counter  relative 
addressing,   indirect  and  indexed  addressing  capabilities  are  considered. 

Memory  Word  Size  --  The  memory  word  size  impacts  such  factors  as  pre- 
cision of  the  arithmetic  instruction,   parallel  processing  of  discrete  infor- 
mation,  especially  in  the  area  of  Input /Output  data  rates,  instruction  format 
length  (single,   double,   or  triple  words),  and  addressing  capabilities. 

System  Software  --  The  system  software  available  is  of  primary  importance 
to  the  software  development  tasks.     The  system  software  factors  include  the 
compiler  or  assembler  completeness  in  the  areas  of  directives  or  pseudo 
operands,    diagnostics,    cross  reference,   and  MACRO  processing,    software 
required  due  to  the  computer  environment  in  which  the  compilations  or 
assemblies  are  made,   and  the  interface  to  the  prototyping  system's  resident 
software  on  the  prototyping  system,   and  system  utilities  (loaders,   debug 
programs,   self-diagnostics,   prom  programming,  test  editing,   peripheral 
I/O  drivers,   file  manipulation). 

Programming  Language  --  The  programming  language  affects  the  efficiency 
of  the  programs  and  the  memory  allocation  in  terms  of  memory  size  and 
type  (ROM  or  RAM). 

Vendors  --  The  choice  of  microprocessors  was  quickly  narrowed  to  two  sys- 
tems;   the  Intellec  8  by  Intel,   and  the  IMP- 16  by  National  Semiconductor,     A 
representative  of  each  company  was  invited  to  Honeywell  to  present  their 
systems,   answer  questions,  and  provide  product  literature  for  our  study. 

Microprocessor  Selection  --  Programming  flexibility,   software  development 
considerations,    computation  speed,   and  previous  Honeywell  experience  were 
the  principal  factors  leading  to  selection  of  the  National  iMP-16P/308  for 
system  development.     This  microcomputer  system  is  specifically  designed 
for  prototype  system  development.     Significant  features  of  this  machine  are: 

•  16 -bit  word 

9  8K  read/write  memory 

«  Extended  instruction  set  CROM 

®  Hardware  multiply/ divide 

•  1.  4 -|j,sec  microinstruction  time 

The  IMP- 16  Applications  Manual  is  presented  in  Appendix  IV.     It  contains  a 
complete  description  of  the  microprocessor's  software  and  hardware  capa- 
bilities. 
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status  Display  and  Monitor  Unit  (SDMU) 

The  SDMU  is  a  device  which  provides  the  electronic  interface  between  the 
microprocessor  and  the  signal  head  circuits.     Basically,   the  SDMU  is 
treated  as  a  peripheral  device,   similar  to  TTYs,   etc.  ,  by  the  microprocessor. 
All  traffic  control  functions  such  as  loop  master  interconnect  data,  etc, ,  pass 
through  here,  which  makes  the  SDMU  a  sort  of  central  concentrator  for  all 
functions  downstream  for  the  microprocessor.     Commands  from  the  micro- 
processor are  decoded  by  the  SDMU  for  subsequent  action.     Two  sets  of 
registers,   one  for  main  street  data  and  one  for  cross-street  data,   provide 
temporary  storage  of  the  traffic  light  pattern.     These  registers  are  also 
provided  with  the  capability  of  being  read  back  into  the  microprocessor  for 
error  detection. 

On  command  from  the  microprocessor,  the  SDMU  performs  the  flashing 
Don't  Walk  function  as  well  as  reading  bulb  and  load  switch  status. 

The  real-time  clock  is  a  crystal- controlled  timer  which  establishes  a  0.  10- 
second  ±  0.  001  percent  accuracy  for  the  timing  plan. 

The  watch-dog  timer  is  used  to  detect  a  microprocessor  stall  condition.     If 
the  watch-dog  timer  is  not  reset  within  a  specified  time  by  the  microprocessor, 
it  will  automatically  initiate  a  flashing  main  street  red  condition. 

Subsystem  Functional  Block  Description  --  Figure  40  shows  the  relative 
physical  separation  and  interconnection  between  the  various  subsystem  com- 
ponents and  subsystem  functions. 

The  Bulb  and  Load  Switch  Monitor  Unit  (BLSMU,   a  second-generation  device, 
is  a  separately  located  electronic  box.     Control  and  data  functions  required 
by  the  BLSMU  are  provided  by  the  BPCU  software  via  the  Signal  Light  Driver 
and  Monitor  Unit  (SDMU). 

The  Conflict  Monitor  Unit  (CMU)  is  a  separately  located  electronic  box. 
Access  to  the  CMU  by  the  BPCU  computer  is  obtained  via  the  SDMU. 

The  Light  Driver  Unit  (LDU)  consists  of  solid-state  relays  which  perform 
60 -Hz  power  switching  for  the  signal  lights. 

All  60 -Hz  power /monitor  circuits  for  the  signal  lights  are  physically  external 
to  the  Microcomputer  Unit  (MCU). 

Detailed  Functional  Description  -- 

Watch-dog  Timer  --  The  SDMU  contains  a  timer  used  by  the  system  to 
detect  a  microprocessor  stall  condition.     The  output  of  this  time  is  OR'd  with 
the  stop  BPCU  control  command  from  the  BPCU  and  goes  to  the  Transfer 
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Control  Panel  (TCP)  where  it  causes  the  transfer  relays  to  disconnect  the 
BPCU  from  the  signals.     This  timer  is  resettable  by  a  software  command  to 
the  SDMU.     The  time  from  the  last  reset  comm.and  to  timer  output  is  adjust- 
able with  a  screwdriver  (not  accessible  from  outside  the  BPCU  chassis) 
over  a  range  of  0.  1  second  to  0.  5  second.     The  timer  output  remains  in  a 
Logic  One  state  until  reset  by  software  command.     The  control  signal  to  the 
TCP  is  active  in  the  high  state  (Logic  "1")  such  that  if  there  is  a  power 
failure  in  the  SDMU,  the  TCP  disconnects  the  BPCU.     When  power  is  first 
applied  to  the  SDMU,  the  timer  is  inhibited,  via  system  clear,  from  dis- 
connecting the  BPCU  from  the  signals  until  completion  of  MCU  software 
initialization.     At  the  end  of  initialization,  the  software  issues  a  start  com- 
mand which  enables  the  watch-dog  timer  to  begin  its  function. 

Bulb  and  Load  Switch  Monitor  Unit  (BLSMU)  --In  the  second  generation, 
the  SDMU  communicates  with  the  BLSMU  by  22  data  lines.     The  data  lines 
carry  bulb  monitor  data  (main  and  cross)  from  the  BLSMU  to  the  SDMU. 


Line  Count 


Main 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 


Cross 
12 
13 
14 
15 
16 
17 
18 
18 
20 
21 
22 


Function 
Red  primary  flow 
Yellow  primary  flow 
Green  primary  flow 
Red  secondary  flow 
Yellow  secondary  flow 
Green  secondary  flow 
Don't  walk 
Walk 

Special  red 
Special  yellow 
Special  green 


Loop  Master  Interconnect  Decode  --  The  SDMU  receives  five  buffered 
input  lines  from  the  loop  master  controller,   D2,   D3,  Ri,  R2,  R3.     These 
inputs  are  isolated  relay  contacts  and  are  "de-bounced"  where  necessary, 
in  the  SDMU,  to  provide  proper  system  operation.     Upon  software  command 
the  SDMU  provides  to  the  MCU,  five  status  bits  which  come  from  the  five 
input  lines.     These  are: 

1.  Dg  and/or  D^  (2  bits) 

2.  R^  or  R^  or  R^  (3  bits) 
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Light  Driver  Unit  (LDU)  --  The  SDMU  connects  to  the  LDU  via  22  data 
lines.     These  lines  for'm  a  22~bit  output  data  bus,   i.  e. ,   signal  light  informa- 
tion,  from  the  SDMU  to  the  load  switches.     Eleven  bits  form  the  main  street 
data  while  the  remaining  11  bits  form  the  cross  street  data. 

Function 

Red  primary  flow 
Yellow  primary  flow 
Green  primary  flow 
Red  secondary  flow 
Yellow  secondary  flow 
Green  secondary  flow 
Don't  walk 
Walk 

Special  red 
Special  yellow 
Special  green 

Conflict  Monitor  Unit  (CMU)  ~-  Two  lines  interface  the  CMU  with  the 
SDMU.     One  line  indicates  a  Conflict  and  is  input  from  the  CMU  to  the  SDMU. 
The  other  line  is  a  software  generated  reset  command,  which  is  output  from 

the  SDMU  to  the  CMU. 

Real-Time  Clock  Interrupt  --  The  SDMU  contains  a  0,  1 -second  period 
clock  with  a  duty  cycle  of  50  percent  for  the  purpose  of  generating  an  interrupt 
to  the  MCU.     The  clock  starts  and  stops  upon  command  from  the  MCU, 

Flashing  "DON'T  WALK''  --  The  SDMU  provides  a  timer  which,  upon 
software  command,   causes  the  DON'T  WALK  signal  to  flash  on  and  off  for 
main  or  cross  street  traffic.     The  ON  and  OFF  times  are  0.  5  second  each 
(total  period  equals  L  0  second).     The  flashing  function  is  implemented  down- 
stream of  the  output  data  register,  i.  e.  ,   Bit  7  of  the  output  data  register  is 
not  changed  or  modified  by  the  SDMU.     When  Bit  7  =  "l",   SDMU  implements 
flashing. 

Address  Format  --The  SDMU  decodes  the  information  appearing  on  the 
16 -Address  lines  of  the  MCU  to  determine  proper  operation  of  SDMU.     Bits 
0-6  indicate  the  Function  Code  (the  operation  or  function  to  be  performed, 
i.  e.  ,   reset  conflict  monitor,  write  display  register  1,   etc.  ).     Bits  7-15 
indicate  the  device  address. 


Line,   Main  (Cross) 

1 

(12) 

2 

(13) 

3 

(14) 

4 

(15) 

5 

(16) 

6 

(17) 

7 

(18) 

8 

(19) 

9 

(20) 

10 

(21) 

11 

(22) 
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15                     7 

6 

0     1 

J 

*. 

Device 
Address 

Function 
Code 

The  SDMU  responds  to  the  five  peripheral  device  addresses.     Even  though 
the  CMU  and  BLSMU  have  their  own  addresses,  the  decoding  of  the  address 
lines  is  performed  in  the  SDMU  since  all  communication  with  these  devices 
takes  place  through  the  SDMU. 


Bits 


15    14    13    12     11     10 


Device 


0 

0 

0 

0 

0 

0 

0 

0 

1 

LDU 

0 

0 

0 

0 

0 

0 

0 

1 

0 

BLSMU 

0 

0 

0 

0 

0 

0 

0 

1 

1 

CMU 

0 

0 

0 

0 

0 

1 

0 

0 

0 

Real  Time  Clock 

0 

0 

0 

0 

0 

0 

1 

0 

0 

Transfer  Control 
Panel 

Function  Codes  "-  Commands  to  each  peripheral  device  are  device  dependent, 
and  therefore,   are  not  necessarily  common  between  devices.     See  the  pre- 
vious paragraph  for  word  structure. 


Conflict  Monitor   -- 

Bit    6    5    4    3    2    1    0 


Command 


10    0    0    0    0    1 


Reset  Conflict  Monitor 


Upon  receipt  of  the  reset  command  by  the  SDMU,   the  SDMU  issues  a  reset 
pulse  to  the  CMU  which,   in  turn,   removes  the  "Conflict"  output  indication. 


Bulb  and  Load  Switch  Monitor  -- 


Bit    6    5    4    3    2    1    0 


Commands 


Comments 


0    0    0    0    0    11 
0    0    0    0    10    0 


Read  Status  Word  1 
Read  Status  Word  2 


Main  Street  Data 
Cross  Street  Data 
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The  Status  Words  correspond  to  bulb  and  load  switch  functional  information 
where  a  Logic  One  indicates  that  current  is  flowing  in  that  bulb  circuit.     A 
Read  Status  Word  1  command  causes  the  main  street  data  to  appear  on  the 
16  data  lines  of  the  MCU.     The  data  appearing  on  the  22 -bit  data  bus  from 
the  BLSMU  is  placed  on  the  16  input  data  lines  of  the  MCU  a.3  shown  below. 


Function 
Red  primary  flow 
Yellow  primary  flow 
Green  primary  flow 
Red  secondary  flow 
Yellow  secondary  flow 
Green  secondary  flow 
Don't  walk 
(Not  used) 

8  Walk 

9  Special  red 

10  Special  yellow 

11  Special  green 

12  (Not  used) 

13  (Not  used) 

14  (Not  used) 

15  (Not  used) 
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Light  Driver  Unit  (LDU)  -- 

Bit    6  5  4  3  2  10  Commands  Comments 

0  0  0  0  0  0  1  Write  Command  Buffer  1  Main  Street  Data 

0  0  0  0  0  10  Write  Command  Buffer  2  Cross  Street  Data 

0  0  0  0  0  11  Read  Output  Register  1  Main  Street  Data 

0  0  0  0  10  0  Read  Output  Register  2  Cross  Street  Data 

10  0  0  0  0  1  Reset  Watch-dog  Timer 

The  SDMU  contains  two  12 -bit  buffer  registers  which  receive  and  store  sig- 
nal light  data  from  the  MCU  prior  to  transmission  to  two  12 -bit  output 
registers.     Together,   the  output  and  bjiffer  registers  form  a  24 -bit  data  word. 

The  output  registers  are  capable  of  being  updated  on  a  24 -bit  word  basis. 
The  update  command  is  decoded  by  the  SDMU  from  Bit  15  of  the  Output  Com- 
mand Word  which  is  written  into  either  Write  Command  Buffer. 

Write  Com.mand  Buffer  --  The  Write  Command  Buffer  commands  cause 
the  SDMU  to  store  the  Output  Command  Word  appearing  on  the  MCU  output 
data  lines  in  identified  buffer  register. 

Output  Command  Word  (OCW)  --  The  Output  Command  Word  contains 
the  bit  assignments  for  the  traffic  signal  display.     It  is  this  OCW  which 
eventually  controls  the  states  of  the  LDU. 


Bit 

Function 

0 

Red  primary  flow 

1 

Yellow  primary  flow 

2 

Green  primary  flow 

3 

Red  secondary  flow 

4 

Yellow  secondary  flow 

5 

Green  secondary  flow 

6 

Don't  walk 

7 

Flashing  Don't  Walk 

8 

*Walk 

9 

Special  red 

*  Flashing  walk  for  Washington 

Only. 
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Bit 

Function 

10 

Special  yellow 

11 

Special  green 

12 

'''-'•-Spare 

13 

--*Spare 

14 

Spare 

15 

Update  Bit 

Main  Street  Flashing  Arrow  Washington  Only. 
Main  Street  Green  Arrow  Washington  Only. 


Read  Output  Register  --  A  Read  Output  Register  command  causes  the 
SDMU  to  place  the  contents  of  the  selected  register  on  the  MCU  input  data 
lines.     In  addition,  the  data  is  bit  organized  identical  to  the  Output  Command 
Word. 

Real  Time  Clock  (RTC)  -- 

Bit  6  5  4  3  2  1  0  Commands 

10  0  0  0  10  Start  Real  Time  Clock 

10  0  0  0  11  Stop  Real  Time  Clock 

10  0  0  0  0  1  Terminate  RTC  Pulse 

These  commands  are  self  explanatory. 

Transfer  Control  Panel  (TCP)  -- 

Bit  6  5  4  3  2  1  0  C'ommands 

10  0  0  0  11  Stop  BPCU  Control 

0  0  0  0  0  11  Read  Interconnect  Data 

The  Stop  command  is  OR'ed  with  the  WDT  command  to  cause  the  SDMU  to 
issue  a  signal  to  the  TCP,  which  causes  the  transfer  relays  to  disconnect 
the  BPCU  from  the  signal  lights. 

The  read  command  causes  the  SDMU  to  place  the  loop  master  interconnect 
data  on  the  MCU  input  data  lines.     The  bit  organization  is  as  follows : 
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Bit 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 


CMU  (Conflict) 


Upstream  det  (Bus /No  Bus) 
Downstream  det  (Bus /No  Bus) 


Mnemonic 

Sync 

Rl 

R2 

R3 

D2 

D3 

CMUC  "1"  =  Conflict 
(Unassigned) 
(Unassigned) 
(Unassigned) 
(Unassigned) 
(Unassigned) 

USD  " 

DSD  J 
Wait /Control 
Disconnect 


0"  =  Bus 


All  unassigned  bits  shall  be  at  Logic  Zero. 

Interface  Timing  --  See  the  Applications  Manual  IMP-16C,   Appendix  11. 

Interface  Circuits  -- 

Load  Switches  --  The  SDMU  present  an  open-collector  type  of  drive 
circuit  to  the  load  switches.     The  open-collector  is  capable  of  sinking  up  to 
30  ma  dc  and  withstanding  an  open  circuit  voltage  of  +24  ±  2  vdc.     A  Logic 
One  corresponds  to  sinking  current  from  the  load  switches  at  a  collector-to- 
emitter  voltage  of  less  than  +5  vdc. 

Loop  Master  Interconnect  --  There  are  five  lines  to  indicate  interconnect 
data.     The  input  circuits  sense  contact  closure.     See  Figure  41. 

MCU-SDMU  -- 

Address  Lines  —  All  SDMU  address  lines  are  TTL  compatible  and  do 
not  present  more  than  one  equivalent  TTL  load  per  line  to  the  MCU.     A 
Logic  Zero  corresponds  to  zero  volts. 
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>  LOOP  MASTER 


Figure  41.     Loop  Master  Interface 

Output  Data  --  All  output  data  from  the  MCU  to  the  SDMU  is  TTL  com- 
patible.    The  SDMU  does  not  present  more  than  one  equivalent  TTL  load  per 
line  to  the  MCU.     A  Logic  Zero  corresponds  to  zero  volts. 

Input  Data  --  Input  data  from  the  SDMU  is  placed  upon  the  data  lines  with 
TTL- compatible,  tri-state  logic.     A  Logic  Zero  corresponds  to  zero  volts. 

Conflict  Monitor  Unit  -- 

Reset  Conflict  Monitor  Line  --  The  output  voltage  to  the  CMU  is  TTL 
compatible.     A  Logic  One  corresponds  to  1.  0  v. 

Conflict  Indication  --  The  SDMU  circuit  which  receives  the  conflict  indi- 
cation from  the  CMU  is  TTL  compatible.     The  SDMU  does  not  present  more 
than  one  equivalent  TTL  load  to  the  CMU.     A  Logic  One  is  indicated  by  an 
open  circuit. 
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Hardware  Description  -- 


Table  7  identifies  the  major  components  in  the  SDMU,    sheet-by-sheet  of  the 
schematic. 


Table  7.     SDMU  Major  Components 


Sheet  }                 IC  Location 

Description 

1 

IR-P 

IP-N 

Peripheral  function  decoder 
Peripheral  address  decoder 

2 

IF,  IG,  2F,  3F,4F,  5F 

5E,4E,  3E 

4D,  5D 

4J,  4H 

5J,  5H 

4L,  4K 

5L,  5K 

Data  buffers 

Status  display  register 

Status  display  latch 

Main  Street  data  buffer  register 

Main  Street  data  output  register 

Cross  Street  data  buffer  register 

Cross  Street  data  output  register 

3 

IL,  2L,  IH,  2H,  IJ,  2J,  IK, 
2K 

Peripheral  input  data  drivers 

2M,  3M,  3L,  3K,  3J,  3H 

Input  data  multiplexers 

4 

5A,4A,  3B,  3A,  2A,  2B, 
IB,  IC 

0.  1  sec  interrupt  generator 

5R,  5P 

6F,  6D,  6J,  6H,  6L,  6K,  6E 

Flash  function  generator 
Solid  state  relay  drivers 

5 

6C,4D 

Loop  master  data  input  buffers 

5G,4D 

Watchdog  timer 

6 

IE,  5N 

Main  Street  data  buffer  and  output 
registers 

Signal  Names  --  Table  8  presents  the  most  significant  names  for  under- 
standing signal  flow. 

Direct  Memory  Access  (Cycle  Steal) 

The  cycle  steal  device  is  a  Honeywell-developed  addition  to  the  National 
Semiconductor  IMP- 16  microprocessor.     In  essence,   the  Cycle  Steal  is  a 
simplified  direct  memory  access  (DMA)  device. 

Well  into  the  program,   after  more  information  was  gathered  about  the 
characteristics  of  the  preprocessor,   it  was  apparent  that  the  relatively  high 
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Table  8.     Significant  Names 

Signal 

Function 

Sheet 

ABOO-15 

Peripheral  Address  Lines 

RDP 

Read  Peripheral  Data 

INIT* 

Initialization 

WRP 

Write  Peripheral  Data 

RMSD 

Read  Main  Street  Data 

RCSD 

Read  Cross  Street  Data 

RSWl 

Read  Status  Word  One  (BLSMU) 

RSW2 

Read  Status  Word  Two  (BLSMU) 

RWDT 

Reset  Watch-dog  Timer 

1,4 

WSDD 

Write  Status  Display  Data 

1,2 

SMCUC 

}jlP  Command  Disconnect 

1,5 

STRTC 

Start  Real  Time  Clock 

1,4 

STPRTC 

Stop  Real  Time  Clock 

1,4 

CMRS 

Conflict  Monitor  Reset 

BDOO-15 

Buffered  Data  (Peripheral) 

2 

SDOO-15 

Status  Display  Data 

2,4 

MSDOO-11 

Main  Street  Data 

2,3,4 

CSDOO-11 

Cross  Sheet  Data 

2,3,4 

SWOO-15 

Peripheral  Data 

3 

INTRA 

Interrupt 

4 

RIS 

Offset  1 

4 

R2S 

Offset  2 

4 

R3S 

Offset  3 

4 

D2S 

Dial  2 

4 

D3S 

Dial  3 

4 

DBPCU 

Disconnect  BPCU 

4 

MSD12-13 

Main  Street  Data 

6 

104 


data  rates  which  could  occur,   worst  case,   between  the  preprocessor  and 
the  IMP- 16  would  be  disastrous  to  the  execution  of  the  signal  timing  plan  if 
the  l/O  bus  of  the  IMP-16  were  used  for  the  data  transfer.     An  exact  data 
rate  is  impossible  to  theorize  because  it  depends  upon  the  situation  being 
sensed  by  the  loop  electronics.     This  includes  vehicle  type  as  well  as 
possible  noise  sources.     However,   one  can  obtain  a  qualitative  idea  from  the 
following  calculation. 

A    =    Number  of  detectors  (max)    =    16 

B    =    Number  of  data  per  signature  feature    =    2 

C    =    Additional  data  per  signature    =    4 

D    =    Number  of  features  per  signature  -  1  minimum,    ?  maximum, 
2  typical 

{  (BxD)  +  C  ]  A    =    Data  Quantity  (DQ) 

DQ    =    {(2x?)  +4  }   16 

DO  min    =    96  words 

Another  fact  is  that  the  incoming  data  is  completely  asjnichronous  with  the 
CPU  operations. 

If  we  also  assume  that  vehicle  speeds  are  55  mph  and  an  average  vehicle 
length  is  17  feet,   then  16  signatures  can  arrive  in: 

JL    =    88 
55         60 

X  ft/sec  =  II-  (88)  =  80.  66  ft/sec 

60  I 

T    =    ^Vf^^      =  0.  210  sec 
X  ft /sec 

Therefore,   the  minimum  data  rate  is: 

np  -  5^  -  -^ 
^        T       0.21 

DR     .     ^  457  words/sec 
mm 

and  DR,  ^^^ 


VP  0.21 


DR,         ^   610  words /sec 
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Table  9  contains  the  alternatives  considered  and  the  rationale  behind  the 
decision  for  choosing  the  Cycle  Steal  approach. 

Table  9.     Data  Rate  Tradeoff 


Alternatives 


Transfer  data  from  the  preproces- 
sor to  the  fJ.P  via  the  I/O  bus  by 
(1)  generating  an  interrupt  when 
data  is  to  be  transferred,   or  (2) 
poll  the  preprocessor  at  pre- 
scribed intervals. 


Temporarily  store  data  in  a  peri- 
pheral until  the  |j.P  is  ready  to 
read  and  process  the  data.     Use 
the  I/O  bus. 


Use  a  DMA  kind  of  device  to  store 
data,  as  it  comes,  into  the  micro- 
processor memory. 


Rejected.     Since  the  CPU  must 
service  the  signal  head  timing 
plan  at  the  same  time  and  must 
do  so  at  0.  1  sec.   intervals, 
both  methods  require  too  much 
software  overhead  at  these 
data  rates 

Rejected.     This  method  requires 
a  duplication  of  what  already 
exists  in  the  hlP,  namely,   dedi- 
cated memory.     It  also  requires 
relatively  complex  control 
logic  between  the  real-time 
preprocessor  and  the  |j.P. 

Accepted.     This  method  frees 
the  I/O  bus  for  signal  head 
timing  plan  execution.     It  also 
requires  minimum  software 
overhead.     And,  it  does  not 
duplicate  existing  system  com- 
ponents. 


Figure  42  is  a  block  diagram  of  the  Cycle  Steal  device.     The  operation  is, 
simply,   that  the  preprocessor  asynchronously  places  address  and  data 
information  into  the  appropriate  registers  of  the  Cycle  Steal  and  then  com- 
mands the  timing  and  control  logic  to  initiate  the  memory  storage  action. 
No  further  action  is  required  by  the  preprocessor.     The  timing  and  control 
logic  monitors  the  IMP-16  to  see  when  the  memory  is  not  in  use  and  then 
stores  the  data  at  the  specified  address.     The  CPU  is  not  affected  by  this 
operation  and  thus  no  CPU  or  software  overhead  is  inc^irred. 

The  timing  of  the  Cycle  Steal  is  identical  with,   and  tied  to,  the  IMP-16, 
Detailed  timing  can  be  found  in  the  IMP-16  description. 

The  Cycle  Steal  is  designed  to  operate  with  static  and  dynamic  RAM.  The 
refresh  logic  is  disabled  in  the  BPCU  which  uses  static  RAM.  The  device 
was  developed  in  a  system  which  used  dynamic  RAM,  hence,  the  reason  it 
exists  at  all. 
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Hardware  Description  —  Table  10  identifies  the  major  components  in  the 
Cycle  Steal,  sheet- by- sheet  of  the  schematic. 


Table  10.     Cycle  Steal  Major  Components 


Sheet  i     IC  Location                           Description 

1 

2 

3 

4 

IP,  2P,  2J 

2P,  3J 

2N,  2K 
2R,  2M,  IP 

3R,  3P 
3P 

IN,  IL,  IM 

IF,  IH,  IK 
IE,  IG,  IJ 

2E,  2F 
2H,  3H 

IMP"  16  memory  monitor  and  output 

buffer  control 
Memory  write  strobe  control 
Clock  stretching  control 
8- phase  timing  generator 

Preprocessor,  steal  request 
Refresh  request  memory 

(for  dynamic  RAM) 
Tri» state  address  bus  drivers 

IMP- 16  data  bus  drivers  (tri-state) 
Cycle  Steal  data  bus  drivers 

(tri-state) 

Cycle  Steal  data  register 
Cycle  Steal  address  register 
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Signal  Names  —  The  following  names  (Table  11)  are  the  most  significant 
ones  for  understanding  signal  flow. 

Table  11.     Signal  Flow  Significant  Names 


Name 

!                               Description 

Sheet 

1 

PPSTEAL>!< 

RDP 

WRP 

Preprocessor  steal  request 
Read  peripheral  data 
Write  peripheral  data 

RDM 
WRM 
EXHOLD 
CLK* 

Read  memory  data 

Write  memory  data 

Clock  hold  request  (external) 

Master  CPU  clock  (5  MHz) 

CIS 
ODIS 

WRMS 

Cycle  initiate  -  steal 

Output  disable  -  (CPU  address  drivers) 

Write  memory  data  -  steal 

RFREQ 

PPSTL>;< 

PPSTLP=:< 

Refresh  request 

Preprocessor  steal  request  enable 

Preprocessor  steal  request  strobe 

2 
2 
2 

ADPOO-15 
ADXOO-15 

Address  register  data 
IMP- 16  address  bus 

2,4 
2 

BDOOO-15 
i        BDO00S-15S 
PDOOO-15 
BPPDOO-15 
CSO 
CSl 
CS2 

IMP- 16  data  bus 

Miltiplexed  IMP- 16  data  bus 

Preprocessor  data  register  output 

Preprocessor  data  bus 

Chip  select  zero 

Chip  select  one 

Chip  select  two 

3 

3 

4,3 

4 
4 
4 
4 

Programmable  Panel 

The  programming  panel  is  a  device  which  allows  the  traffic  engineer  to 
make  certain  limited  changes  in  the  timing  plan  for  the  traffic  signals.     It  is 
designed  specifically  for  use  with  the  Bus  Priority  System. 

Applicable  Sections  -- 

•  Application  Manual  IMP- 16  (National  Semiconductor) 

•  Status  Display  and  Monitor  Unit  (SDMU) 
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General  Description  °-  The  programming  panel  subsystem  is  divided  into  two 
components;  the  operator  panel  containing  the  switches  and  indicator  lights, 
and  the  interface  electronics  which  convert  the  switch  data  to  the  proper  for- 
mat for  use  by  the  MCU.     See  Figure  43. 


R1,R2,R3,D2 
D3  FROM  LOOP 
MASTER 


PANEL 


MANUAL 
DATA 


SWITCHED-LOOP 
MASTER  DATA 


">  TO  SDMU 


^ 


THUMBWHEEL  DATA 


PANEL 
ELEC- 
TRONICS 


TO 


Figure  43.     Programming  Panel  Block  Diagram 


The  programming  panel  is  treated  as  a  peripheral  device(s)  by  the  micro- 
processor. 

The  panel  also  intercepts  the  loop  master  data  and  is  capable  of  manually 
overriding  the  data  (Figure  44),     Thus,  any  one  of  the  three  timing  plans  on 
the  front  may  be  selected  manually  or  automatically.     The  remaining  switches 
are  self-explanatory. 

Detailed  Functional  Description  -- 

Interface  Electronics  --  The  Programming  Panel  decodes  the  informa- 
tion appearing  on  the  16  address  lines  of  the  MCU  to  determine  the  proper 
operation  for  this  device.     Bits  0-6  indicate  the  Function  Code  (the  operation 
or  function  to  be  performed). 
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Figure  44.     Programming  Panel 


111 


Bits  7-15  indicate  the  peripheral  device  address. 

15  7      6  0 


Device 
Address 


F-unction  Code 


Peripheral  Devices  --  The  Programming  Panel  is  identified  by  four  peri- 
pheral addresses,    one  for  each  timing  plan  and  one  for  the  various  On-Off 
status  switches  on  the  front  of  the  panel. 

Peripheral  Address  Device 


Bits  15    14    13    12    11    10      9 


0 

0 

0 

0 

0 

1 

0 

1 

1 

0 

0 

0 

0 

0 

1 

1 

0 

0 

0 

0 

0 

0 

0 

1 

1 

0 

1 

0 

0 

0 

0 

0 

1 

0 

1 

0 

Timing  Plan  1 
Timing  Plan  2 
Timing  Plan  3 
Status  Word 

The  Timing  Plan  Selection  switch  is  not  addressed  by  these  electronics. 

Status  Word  --  The  status  word  contains  the  toggle  switch  information  for 
the  entire  panel.     All  unused  bits  are  set  to  zero  on  the  interface.     The  ON 
position  indicates  a  logic  ONE. 

Bit  Switch 


0  Bus  Pre-empt,    Plan  1 

1  Master  Controller  Synch,    Plan  1 
2 

3 

4  Bus  Pre-empt,    Plan  2 

5  Master  Controller  Sjmch,    Plan  2 
6 

7 

8  Bus  Pre-empt,    Plan  3 

9  Master  Controller  Synch,    Plan  3 

10  Input  Request  Pushbutton 

11  Manual  Override 
12 

13 

14 

15 
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Function  Code  -• 


Timing  Plan  --  The  following  function  codes  apply  to  the  timing  plan 
peripheral  addresses. 


Bits 


Function  Code 


6 

5 

4 

3 

2 

1 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

1 

1 

0 

0 

0 

1 

0 

0 

0 

0 

0 

1 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

0 

0 

0 

1 

0 

0 

1 

0 

0 

0 

1 

0 

1 

Fxmction 


Read  Cycle  Length 
Read  Offset  Select  1 
Read  Offset  Select  2 
Read  Offset  Select  3 
Read  MSG  Split 
Read  Interval  1 
Read  Interval  2 
Turn  On  Status  Light 
Turn  Off  Status  Light 


Status  Word  --  The  status  word  data  is  presented  to  the  peripheral  data 
lines  when  the  status  word  address  and  the  following  function  code  are  pre- 
sented to  the  panel  electronics. 


Function  Code 
Bits       6    5    4    3    2    1  T 


Function 


0    0    0    0    0    11 


Read  Discrete  Status  Word 


Thumbwheel  Switch  Data  --  The  Thumbwheel  data  is  organized  as  a  BCD 
word  with  the  following  format.     This  data  comes  from  the  switches  so  no 
reformatting  is  necessary.     The  format  below,   therefore,   constitutes  one 
complete  thumbwheel  setting,   i,  e.  ,    cycle  length,   interval,   etc. 


15 


12   I  11 
0    !  BCD 


Hundreds 
Digit 

(where 
applicable) 


BCD 


0 


BCD 


Tens 
Digit 


Units 
Digit 
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Input  Request  indicator  is  lighted  by  the  interface  electronics  when  the 
input  request  pushbutton  is  pressed.     The  indicator  remains  lit  until  the 
button  is  pressed  again  or  reset  by  a  "turn  off  status  light"  function  code 
to  the  status  word  peripheral  address. 

Panel  --  For  the  most  part,  the  switching  functions  performed  by  the 
discrete  switches  are  self  explanatory.     The  following  descriptions  provide 
additional  explanation  for  certain  switches. 

Thumbwheel  Switches  --  Each  digit  of  a  particular  switch  function  has 
a  BCD  output  corresponding  to  the  decimal  indicated  value. 

Manual  Timing  Plan  Selection  --  These  switches  directly  affect  the  loop 
Master  data;  D2,   D3,   Rl,   R2,   and  R3.     When  the  manual  override  switch 
is  OFF,   these  signals  are  passed  to  the  SDMU  without  raodification. 

When  the  override  switch  is  ON,  the  following  conditions  are  generated: 

1)  Rl,   R2,   and  R3  are  set  to  zero, 

2)  A  signal  is  sent  to  the  panel  electronics,   for  use  in  the 
status  word,   indicating  that  the  override  switch  is  ON. 

3)  D2  and  D3  are  controlled  by  the  timing  plan  selector  switch. 

Timing  Plan  Selector  Switch  --  This  switch,   when  enabled  by  the  override 
switch,   generates  the  "following  dial  select  code. 


SW.   Position 

D2 
0 

D3 

PI 

0 

P2 

1 

0 

P3 

0 

1 

Panel  Electronics  -  |-i.P  Interface 

Timing  and  logic  levels  conform  to  the  IMP-16  I/O  bus. 

Hardware  Description  --  Table  12  identifies  the  major  components  in  the 
panel  electronics  of  the  schematic  sheet -by-sheet. 
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Table  12.     Panel  Electronics  Major  Components 


Sheet 

IC  Location 

■ — — — ^ —          -° 

Description 

1 

IG- 

f 

n 

Peripheral  address  decode 

2 

IHIJ,  IJ 

-K 

Function  code  decoders 

3 

IM 
2A, 

2B 

Peripheral  data  drive 
Plan  timing  flip  flops 

4 

6P, 

6R 

Switch  deboimce  flip  flops 

5 

6P, 

2C, 

3J, 
6C, 

2C 

ID 

Input  Request  Pushbutton  Logic 
Input  Request  Indicator  Logic 

6 

3R, 

4R, 

5R 

Data  Multiplexers 

7 

3P, 

4P, 

5P 

Data  Multiplexers 

8 

3N, 

4N, 

5N 

Data  Multiplexers 

9 

3L, 

4L, 

5L 

Data  Multiplexers 

10 

3K, 

4K, 

5K 

Data  Multiplexers 

11 

3H, 

4H, 

5H 

Data  Multiplexers 

12 

3G, 

4G, 

5G 

Data  Multiplexers 

13 

3E, 

4E, 

5E 

Data  Multiplexers 

14 

3D, 

4D, 

5D 

Data  Multiplexers 

15 

3B, 

4B, 

5B 

Data  Multiplexers 

16 

3A, 

4A, 

5A 

Data  Multiplexers 

Signal  Names  -•-  Table  13  lists  the  most  significant  names  for  under- 
standing the  signal  flow. 

Power  Supplies  --  The  requirements  for  power  supplies  for  the  BPCLU  were 
based  upon  calculations  and  upon  current-drain  measurements  where  possible. 
The  IMP -16  is  a  combination  of  MOS  and  TTL  technology  and,   therefore, 
requires  +5vdc  and  -12vdc.     In  addition,  the  RAM  memory  on  the  CPU  card 
requires  -9vdc.     We  elected  to  use  the  CPU  RAM  because  the  CPU  is  manu- 
factured and  sold  that  way. 

The  preprocessor  uses  ±15vdc  in  addition  to  +5vdc.     The  analog  multiplex 
and  A/D  converter  require  ±15vdc.     The  TTL  requires  the  +5vdc. 

Table  14  contains  the  power  requirements  for  the  logic  cards.     The  +5vdc 
supply  is  of  particular  interest.     Table  14  shows  that  the  BPCU  requires  an 
estimated  16  amps  typical.     If  we  allow  a  50  percent  safety  margin,    our  maxi- 
mum current  rises  to  24  amps  at  +5vdc.     The  supplies  which  were  readily 
available  to  the  program  were  rated  at  25  amps  and  35  amps.     For  obvious 
reasons,  we  chose  the  supply  rated  at  35  amps. 
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Table  13.     Significant  Names 


Signal 


Function 


Sheet 


RDP 

Read  Peripheral                                                     1 

T4* 

Clock                                                                           1 

INIT 

Initialization                                                             1 

WRP 

Write  Peripheral  Data                                            1 

AB07-15 

Peripheral  Address  Lines                                     1 

TIME  3* 

Timing  Plan  3  Address  Decode                          1 

TIME  2* 

Timing  Plan  2  Address  Decode                         1 

TIME  1* 

Timing  Plan  1  Address  Decode                         1 

STATW* 

Status  Word  Address  Decode                              1 

ABOO-06  Peripheral  Address  Lines 

RDI2*  Read  Interval  2  Data  Function 

RDIl*  Read  Interval  1  Data  Function 

RDMS*  Read  Main  Street  Split  Data 


RDOS3*  Read  Offset  3  Function  Decode 

RDOS2*  Read  Offset  2  Fimction  Decode 

RDOSl*  Read  Offset  1  Ftmction  Decode 

RDCL*  Read  Cycle  Length  Function  Code 

RDDSW*  Read  Discrete  Status  Word 


TOFDEL=J 
TONDEL': 
TONSL* 
TONSL* 

SW12-15 
TIMIL* 
TIM2L* 
TIM3L* 


Data  Validity  Error  Light  Control 
Data  Validity  Error  Light  Control 
Turn-on  Status  Light 
Turn-off  Status  Light 


Peripheral  Data  Lines 
Plan  1  Error  Light  Control 
Plan  2  Error  Light  Control 
Plan  3  Error  Light  Control 


BPEl*-3-  Pre-empt  Switch  Status 

MANO  Manual  Override  Switch  Status 

MCSl*-3*  Master  Controller  Switch  Status 

PIRL*  Input  Request  Light  Control 

DVEL-  Data  Validity  Error  Light  Control 

SWOO-U  Peripheral  Data  Lines 


Plan 

Cycle  Length 


Plan 

Offset  Select 


BCD  Bit 
—    Digit  Position 


BCD  Bit 
Digit  Position 
Select  Number 


I 


4 
4 
4 

5 
5 
6-16 

6,    10,    13 


7,    10,    11 
14,    15 


1    MS    2    2 

Plan  —i      \ 
MSG  Split  -^ 

1112    8* 


Plan  — ' 
INTERVAL 


BCD  Bit 
Digit  Position 


BCD  Bit 
Digit  Position 
Interval  Number 


5,    12,    15 


9,    12,    13, 
16 
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Table  14.     BPCU  Power  Requirements 


Card 

Amps  @  +5v 

Amps  @  -12v 

Miscellaneous 

CPU  IMP-16C/300 

2.  25(specified) 

0.  5A(specified) 

0.  6A  at  -9V 

4K  RAM.IMP-16P/004 

4.  0  max 
2.0  typ 

4K  PROM  Special  -22 

1 .  2  5A  m-ax  half 

loaded 
1.  9 A  max  full 

load 

1.  3 A  max  full 

load 
0,  9 A  max  half 

loaded 

Debug  -  16C,   Daynl 

2 A  typ( estimate) 

lOOma(estimated) 

Cycle  Steal 
Processor 

lA  typ(estimate) 
3A  typ(measured) 

4  6ma  +15v 
26ma  -15v 

SDMU 

4.  2A  max 
2.  5 A  typ 

Programming  Panel 

2 A  typ( estimate) 

Total: 

16A  type( estimate) 

All  the  power  supplies  for  the  BPCU  were  purchased  from  outside  vendors. 
Table  15  contains  the  pertinent  information.     The  -9vdc  was  provided  by  a 
simple  regulator  circuit  which  was  developed  by  Honeywell  for  the  bus  detec- 
tor program  (Figure  45).     The  voltage  stability  of  this  regulator  as  required 
by  the  IMP-16  CPU  is  not  critical.     A  ±5  percent  stability  is  sufficient. 
Figure  46  shows  the  power  interconnection  for  the  BPCU, 

Table  16  shows  the  location  of  each  electronics  card  in  the  BPCU  chassis. 
Table  17  is  a  list  of  all  the  major  subassemblies  which  make  up  the  BPCU. 
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Table  15.     Power  Supply  Specifications 


+5  VDC  Supply,    Power - 

■One  Inc.  ,   Model  G5-35/OVP 

AC  Input 

115/230  VAC  ±    10%,    47-440  Hz 

Remote  sensing 

Provided,   open  lead  protection 

(Derate  current  10%  for  Hz 

built  in 

operation 

StabiUty 

±0.  05%  for  24  hours  after  warm 

DC  Output 

5V  ±  5%  output  adjustment  range 
minimum 

up 

Temperature  rating 

0  to  50 °C  full  rated,    derated 

Line  Regulation 

±0.  01%  for  a  10%  input  change 

linearly  to  40%  at  70 °C 

Load  Regulation 

±0.  01%  ±  1  mv  for  a  50%  load 

Temperature  coefficient 

±0.  01%/ °C  maximum,    0.  002%/ °C 

change 

typical 

Output  Ripple 

1.  5  mv  PK-PK,    0.  2  mv  RMS 
maximum 

Efficiency 

52-54% 

Vibration 

Per  Mil-Std-801B.     Method  514. 

Transient  Response 

30  ^seconds  for  50%  load  change 

Procedure  1,   curve  AB  (to  50  Hz) 

Short  Circuit  and 

Automatic  current  limit/ 

Shock 

Per  Mil-Std-801B,    Method  516, 

Overload  Protection 

foldback 

Procedure  V 

OVP 

Built-in  at  6.  2  ±  0.  2  VDC 

Master /slave 

Any  unit  may  be  master  or  slave. 
One  master  will  drive  up  to 

Current  Output 

35  amps 

5  slaves 

i:15  VDC  Supply,   Power-One  Inc.  ,    Model  AA15-0 

.8 

AC  Input 

105-125  VAC,   47-440  Hz 

Remote  sensing 

Provided,   open  lead  protection 

(Derate  current  10%  for  50  Hz 

built-in 

operation) 

Tracking  accuracy 

±0.  1%  when  balance  is  present  to 

DC  Output 

±15V  ±  5%  output  adjustment 
range  minimum 

±0.  01% 

Stability 

±0.  05%  for  24  hours  after  warm  up 

Line  Regulation 

±0.  01%  for  a  10%  input  change 

Temperature  rating 

0  to  50°  C  full  rated,   derated 

Load  Regulation 

±0.  02%  for  a  50%  load  change 

linearly  to  50%  at  70 °C 

Output  Ripple 

1.  5  mk  PK-PK,    0.4  mv  RMS 

Temperature  Coeffieicnt 

±0.  01%/  °C  maximum,    0.  002% 

maximum 

typical 

Transient  Response 

30  fjiseconds  for  50%  load  change 

Efficiency 

55% 

Short  Circuit  and 

Automatic  current  limit /foldback 

Overload  Protection 

Vibration 

Per  Mil-Std-BIOB,    Method  514, 
Procedure  1,    Curve  AB  (to  50  Hz) 

Reverse  Voltage 
Protection 

Provided  on  output  and  pass 
element 

Shock 

Per  Mil-Std-810B,    Method  516, 
Procedure  V 

Current  Output 

800  ma  each  output 

-12  VDC  Supply,    Power- 

One  Inc.  ,   Model  CI  5-3 

AC  Input 

105-125  VAC,   47-440  Hz 

Remote  sensing 

Provided,   open  lead  protection 

(Derate  current  10%  for  50  Hz 

built-in 

operation) 

Stability 

±0.  05%i  for  24  hours  after  warm  up 

DC  Output 

See  table,   ±5%  output  adjustment 

range  minimum 

Temperature  rating 

0  to  50°C  full  rated,   derated 
linearly  to  40%  at  70°C 

Line  Regulation 

±  0.  01%  for  a  10%)  input  change 

Temperature  coefficient 

±0.  01%/ °C  maximum,   0.002% 

Load  Regulation 

±  0.  02%  for  50%  load  change 

typical 

Output  Ripple 

1.  5  mv  PK-PK,    0.4  mv  RMS 
maximum 

Efficiency 

55% 

Vibration 

Per  Mil-Std-810B,   Method  514, 

Transient  Response 

30  fiseconds  for  50%  load  change 

Procedure  1,   Curve  AB  (to  50  Hz) 

Short  Circuit  and 

Automatic  current  limit/foldback 

Shock 

Per  Mil-Std-810B,   Method  516. 

Overload  Protection 

Procedure  V 

Reverse  Voltage 

Provided  on  output  and  pass 

Protection 

element 

Current  Output 

3.  4  amps 
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-9V 
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150  uf,  15V 


Figure  45.     -9.  0~Volt  Regulator 


Table  16.     Card  Location  Assignments  (Top  View) 


Connector 

Electronics  Cord 

JIO 

Computer  Control  Panel 

J9 

4K  RAM 

J8 

4K  PROM 

J7 

CPU 

J6 

'"'*"                                                  7* 

J5 

Cycle  Steal 

J4 

SDMU 

J3 

Preprocessor  No.   2 

J2 

Preprocessor  No,    1 

Jl 

Programming  Panel 

i    Rear 


» 


Component 
Side 


t 
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Table  17.     BPCU  Subassemblies 
Quantity  Description 

1  Chassis,   Honeywell 

.  1  Card  Cage,   6 -Slot;  National  Semiconductor  (NS), 
IMP-OOH/880 

2  Card  Cage,   3-Slotj  NS,   IMP-OOH/881 
2  Fan;  Boxer,    Model  BS2107F-0-1 

1  Microprocessor;  NS,   IMP-16C/300 

1  PROM  Memory  Card;  NS,   IMP-Special  22 

1  RAM  Memory  Card;  NS,   IMP-16P/004A 

1  Cycle  Steal  Card;  Honeywell 

1  Status  Display  and  Monitor  Unit  (SDMU);  Honeywell 

1  Programmable  Panel;  Honeywell 

1  Programmable  Panel  Electronics  Card;  Honeywell 

1  Preprocessor  Card  Set;  Honeywell 

1  Debug  Aid;  Daynl,   DEBUG-16/C 

1  Power  Supply,   +5V,    35A;  Power-One,   Model  G5-35/OVP 

1  Power  Supply,    -12V,   3.  4A;  Power-One,   Model  CI 5-3 

1  Power  Supply,  ±15V,   0.  8A;  Power-One,   Model  AA15-0.  8 

1  Regulator,    -9V,    0.  6A;  Honeywell 

1  RFI  Filter;  Cornell-Dubiliar,   NFR113-9 

2  Connector;  MS  3102A-36-10 
2  Connector;  MS  3102A-28-21 
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System  Conflict  Monitor  and  Ancillary  Equipment 

Conflict  Monitor 

Fimctional  Description  --  The  Conflict  Monitor  is  a  device  that  provides 
green  and  walk  conflict  monitoring,  minimum  green  and  m.inimum  yellow 
interval  monitoring,  and  maximum  cycle  length  monitoring,     if  the  controller 
fails  to  satisfy  these  criteria,  the  Conflict  Monitor  will  present  to  the  con- 
troller a  signal  to  cause  the  transfer  of  intersection  control  to  flashing  oper- 
ation.    Once  flashing  operation  has  been  initiated,  a  reset,   either  from  a  re- 
mote source  or  from  a  front  panel  push  button,  is  required  to  return  the 
controller  from  flashing  operation.     A  block  diagram,  of  the  unit  is  shown  in 
Figure  47. 

The  Conflict  Monitor  samples  the  115-volt  vac  output  of  the  solid-state  load 
relays.     This  is  the  same  line  used  to  drive  the  lamps  in  the  signal  heads. 
From  this  signal,  the  Conflict  Monitor  can  m.onitor  any  failure  in  the  system 
that  would  cause  improper  or  dangerous  displays  at  the  signal  head.     The 
115-volt  vac  sense  circuit  shown  in  the  block  diagram  presents  to  the  internal 
circuitry  a  logic  level  signal  displaying  the  presence  of  115  volts  on  the  lamp 
drive  circuits. 

The  green  conflict  monitor  portion  of  the  unit  will  provide  monitoring  of  nine 
signal  circuits.     The  circuits  are  configured  for  four  phases,   two  with  con- 
current pedestrian  movements,   and  three  overlap  phases.     Only  one  of  the 
four  sequential  phases  is  allowed  to  be  on  at  any  one  time.     Each  overlap 
phase  is  programmable  by  diode-matrix,  to  be  conflicting  with  any  or  all  of 
the  other  phase  green  signals. 

An  internal  clock  is  used  for  timing  minimum  intervals  and  maximum  cycle 
lengths.     The  clock  is  based  on  60-cycle  line  frequency.     Two  sets  of  mini- 
mum green  and  minimum  yellow  timing  elem.ents  are  used.     One  set  is  used 
for  the  four  sequential  phases.     The  second  set  is  used  for  those  phases 
which  are  "on"  concurrently  with  one  or  more  of  the  four  sequential  phases. 
If  any  one  of  the  green  or  yellow  signal  is  removed  before  the  timing  element 
completes  its  timing,  then  a  latched  conflict  signal  is  generated.     In  the  event 
that  a  green  or  yellow  is  skipped  entirely,  the  number  of  greens  or  yellows 
is  compared  to  an  internally  preset  value  at  the  end  of  each  cycle.     If  the 
actual  number  of  greens  or  yellows  during  each  cycle  does  not  agree  with  the 
preset  number,  a  latched  conflict  indication  is  generated. 

Each  background  cycle  beginning  with  phase  three  green,  the  maximum  cycle 
length  counter,   begins  counting  down  from  its  preset,   thumbwheel  switch 
selected  value.     If  the  counter  is  allowed  to  time  out  before  a  phase  three 
green  again  presets  the  counter,  a  latched  conflict  indication  is  generated. 
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A  5  vdc  sense  input  is  also  provided  to  monitor  controller  logic  power.     If 
5  vdc  is  not  preset,   the  unit  will  place  the  intersection  in  flash.     Should 
5  vdc  be  reapplied,  the  conflict  monitor  will  be  reset  and  flashing  operation 
will  terminate. 

The  outputs  from  the  Conflict  Monitor  are  the  contacts  of  a  double -pole  relay. 
The  relay  is  held  energized  unless  a  conflict  occurs  or  power  is  removed 
from  the  Conflict  Monitor. 

Circuit  Description  -- 

115  VAC  Sense  --  The  sense  circuits  are  designed  to  detect  approxi- 
mately 20  vrms  on  either  the  positive  or  negative  half  wave.     All  inputs  are 
optically  isolated  and  are  sufficiently  filtered  to  prevent  transients  on  input 
circuits  from  tripping  the  monitor. 


115  VAC 
SENSE 


-V\AA 


AC 
RETURN 


LOGIC 
~  LEVEL 
SENSE 


Conflict  Logic  —  The  outputs  of  the  115  VAC  circuits  are  combined  in 
a  logic  array  to  compare  each  input  with  all  other  inputs.     Any  two  lamps 
which  should  not  be  on  at  the  same  time  will  cause  a  conflict  signal  to  be 
generated.     If  the  signals  remain  in  conflict  for  longer  then  250  msec,  then 
the  conflict  signal  is  latched  into  memory  and  the  conflict  state  is  presented 
to  the  controller. 

Timing  Circuits  --  The  timing  circuits  are  implemented  as  shown  in 
Figure  48. 

If  any  one  of  the  phase  greens  turns  on,   then  the  two  divide  by  10  and  count- 
ing stages  (A  &  B)  begin  timing  down  from  their  preset  value.     A  10~pulse- 
per-second  clock  was  used  rather  than  a  1-pulse-per-second  clock  to  avoid 
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sjrnchronization  problems  at  this  controller -conflict  monitor  interface. 
When  the  phase  green  terminates,  the  flip-flop  (C)  is  clocked.     Unless  the 
counters  have  timed  out  and  are  presenting  a  logic  "l"  at  the  D  input  of  the 
flip-flop,  a  conflict  signal  is  generated. 

The  third  counter  (D)  is  used  to  coimt  the  number  of  times  a  phase  green 
occurs.     Each  time  an  ON  green  occurs  the  counter  is  sampled.     Unless  the 
proper  numiber  of  greens,  as  selected  by  the  switches,  has  occurred,  a  sig- 
nal is  presented  to  the  reset  input  of  the  flip-flop  (C)  to  cause  a  conflict. 
The  counter  is  reset  at  the  application  of  ON  yellow.     The  counter  thus  counts 
the  number  of  greens  that  occur  between  each  ON  yellow.    Each  time  that  the 
unit  is  reset  or  that  the  unit  recovers  from  a  flashed  operation,  the  number 
of  greens  is  not  sampled  for  one  full  cycle.     This  allows  the  monitor  to  be 
sure  that  a  full  cycle  of  co\mts  has  been  accumulated.    There  are  four  of 
these  timer  circuits,   one  each  for  two  sets  of  green  and  yellow  circuits. 

Cabinet  --  The  cabinet  used  in  the  system  is  a  type  P-1.     This  cabinet  is 
completely  weather  proof  and  of  rugged  construction,  welded  from  No.   14- 
gauge  sheet  steel,  primed  and  enameled,  providing  for  the  greatest  possible 
corrosion  resistance.     The  exterior  design  includes  a  slanted  roof  and  drip- 
proof  shelf.     The  P-1  door  is  full  width  of  the  cabinet  and  includes  a  lock 
securing  a  three-point  latch.     The  three-point  latch  consists  of  two  rods 
holding  the  top  and  bottom  in  conjunction  with  a  standard  rumbler  lock  to 
provide  protection  against  tampering  and  weather.     All  three  holding  points 
operate  from  one  large  easy  turning  handle. 

No  bolts  are  required  to  close  or  lock  the  P-1  cabinet  door.     A  single - 
position  door  stop  holds  the  door  open  to  an  approximate  90-150-180  deg  to 
facilitiate  maintenance  and  installation.     A  police  panel  is  furnished  with  two 
police -controlled  switches,  an  integral  part  of  the  cabinet  door  opening  with 
a  standard  police  lock  and  key.     The  cabinet  is  floorless,  permitting  ease  of 
conduit  locations  and  making  installation  faster  and  easier.     The  exterior  of 
the  cabinet  is  finished  with  one  coat  of  battleship  gray  and  two  basic  coats  of 
primer.     The  inside  of  the  cabinet  is  painted  with  a  lighter  gray  for  ease  of 
maintenance.     The  cabinet  includes  a  ventilation  system  consisting  of  a  115 
CFM  fan  on  the  output  vent  located  at  the  top  of  the  cabinet.     The  intake 
louvers  are  located  on  the  door  and  are  provided  with  a  replaceable,   clean- 
able  filter.    Although  the  cabinet  is  supplied  with  shelves  in  a  fixed  position, 
the  shelves  are  adjustable  on  a  2  in.   pitch  location.     The  P-1  cabinet  is 
anchored  by  a  concrete  base  anchor  bolt  No.   9. 

Ancillary  Equipment 

The  ancillary  equipment  of  the  Bus  Detector/Intersection  Control  System  in- 
cludes all  circuitry  necessary  to  allow  the  BPCU  to  function  as  an  inter- 
connected intersection  controller.     The  ancillary  equipment  includes  solid- 
state  load  switches,  flash  capability,  and  master  interconnect  capability. 
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In  addition,   the  cabinet  includes  transfer  circuitry  to  allow  the  system  to 
function  with  another  fully  independent  controller  as  a  backup  unit. 

When  used  with  a  second  unit,   the  two  controllers  will  run  totally  independent 
of  each  other,   not  sharing  any  components.     All  switching  will  be  external 
and  will  only  affect  the  traffic  signal  circuits. 

Transfer  of  the  signal  circuits  from  the  city  controller  to  the  Honeywell  con- 
troller will  only  take  place  when  the  Honeywell  controller  is  in  the  main 
street  yellow,   and  the  cit}?-  controller  has  timed  a  minimum  green.     Transfer 
from  the  Honeywell  controller  will  also  take  place  when  the  Honeywell  con- 
troller has  completed  a  minimum  green  period  and  will  cause  the  city  con- 
troller to  start  in  a  main  street  yellow. 

There  are  two  reasons  for  using  this  transfer  sequence.     First,  the  BPCU 
has  no  built-in  means  of  following  the  city  controller  since  the  transfer  of 
control  between  the  two  is  for  test  purposes  only.     In  a  production  situation 
the  BPCU  would  be  a  stand-alone  system.     Secondly,   it  did  not  seem  cost 
effective  to  design  and  develop  this  capability  when  a  much  more  simple 
scheme,  i.  e.  ,   one  particular  transfer  interval,   could  be  employed. 

Unplanned  transfer  from  the  Honeywell  controller  back  to  the  city  controller 
caused  by  signal  conflict  or  microprocessor  failure  will  cause  the  Hone5rwell 
controller  to  flash  for  a  predetermined  period  of  time  and  return  control  to 
the  city  controller.     The  city  controller  will  then  resume  normal  operation 
starting  in  main  street  yellow. 

Circuit  Description  -- 

Power  Distribution  --As  illustrated  in  Figures  49  and  50,   cabinet  power 
is  distributed  to  the  system  through  three  circuit  breakers.     A  fourth  breaker 
controls  power  to  the  convenience  outlet.     The  system  includes  lightning 
protection,   RFI  line  filtering,  and  varistor  (M.  O.  V.  )  arc  suppression. 

Lamp  Power  --  The  BPCU  controls  the  lamp  drive  power  through  individ- 
ually packaged  solid-state  relays.     Each  relay  is  capable  of  supplying  10 
amps.     The  AC+  input  to  the  solid-state  relays  is  oo>ntrolled  through  two  115 
vac  bus  transfer  relays. 

The  first  relay  serves  to  remove  power  from  all  lamps  when  the  signal  power 
switch  on  the  police  panel  is  placed  in  the  off  position.     The  second  relay 
switches  lamp  power  from  normal  to  flashed  operation.     This  second  relay 
must  be  held  energized  by  the  conflict  monitor,  the  watch  dog  timer,   and  the 
flash  switch  on  the  police  panel.     If  the  relay  is  not  held  energized,   power  is 
removed  from  all  signal  circuits  and  applied  to  the  flash  circuits. 
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Figure  49.     Power  Distribution 
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Flash  Operation  --  The  flasher  xmit  (Figure  51)  provides  two  115  vac 
flash  outputs.     Each  output  supplies  a  maximum  of  10  amps.     The  outputs 
pulse  at  a  rate  of  60  pulses  per  minute.     There  is  a  180  deg  phase  shift  be- 
tween the  two  outputs.     During  flashing  operation,  flashed  signal  lamp  con- 
nections are  transferred  from  the  solid-state  relays  to  the  flasher  outputs. 


115  VAC 
FROM 
BUSS 

TRANSFER 
RELAY  NC 


115  VAC 
FROM  BUSS 
TRANSFER 
RELAY  NO 


Figure  51.     Flasher  Circuitry 


Transfer  Circuitry  --As  depicted  in  Figure  52,  the  transfer  circuitry 
switches  the  signal  lamp  connections  from  the  city  controller  to  the  BPCU. 
To  transfer  to  the  BPCU,  the  BPCU  must  be  at  the  rest  point  of  phase  one 
yellow  and  the  city  controller  must  have  timed  a  minimum  green  as  defined 
by  the  timer  Tl.     When  the  transfer  button  is  pressed,  the  relay  K2  is  ener- 
gized and  then  latched  through  K2A.     If  the  green  timer  is  timed  out  then 
K3  is  energized  through  K2B.     Relay  K5  is  energized  through  K3B  and  the 
transfer  relays  are  energized  through  K5B.     Relay  K3  is  latched  through 
K4A  and  K3A.     A  scheduled  request  for  return  to  city  control  is  issued  by 
depressing  the  second  transfer  button.     Relay  K2  is  unlatched  and  when  the 
minimum  green  timer  times  out.   Relay  K4  unlatches  K3  and  K5,   thereby  re- 
moving power  from  the  transfer  relays.     An  unscheduled  transfer  back  to 
city  control  caused  by  flashing  operation  will  result  in  unlatching  K2,   K3, 
and  K5  at  the  time  the  "flash  until  transfer"  timer  times  out. 
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SECTION  V 
CONCLUSIONS  AND  RECOMMENDATIONS 


CONCLUSIONS 

The  Passive  Bus  Detector /Intersection  Priority  System  project  has  been  an 
outstanding  success.     All  design  goals  have  been  satisfied  and  a  new  tech- 
nology, initiated  by  this  project,  is  emerging  for  advanced  traffic  control 

systems. 

RECOMMENDATIONS 

As  outlined  in  previous  sections,  objectives  of  the  bus  detector  project  have 
all  been  met  successfully  and  feasibility  of  the  overall  concept  has  been 
demonstrated.     Assuming  successful  field  test  evaluation,  the  next  step  in 
this  project  should  be  directed  at  cost-effective  implementation  of  the  pas- 
sive bus  detector  technology. 

To  provide  the  maximum  benefit  of  this  technology  to  the  user  community  and 
to  add  flexibility  for  implementation,   it  is  recommended  that  a  preemption 
configuration  using  the  passive  bus  detector  technology  be  developed  which 
would  interface  directly  with  existing  controllers.     This  preemption  module 
would  incorporate  the  functions  of  the  current  preprocessor,  the  bus  classifi- 
cation elements  of  the  microprocessor,  a  bus  priority  algorithm,   and  provide 
the  appropriate  command  signals  as  output.     Most  existing  electromechanical 
and  solid-state  controllers  are  designed  to  accept  inputs  from  preemption- 
type  equipment.     Such  a  device  could  also  interface  with  microprocessor- 
based  controllers  and  with  a  central  computer  traffic  control  system  to  pro- 
vide input  data  for  traffic  management  control  strategies. 

Figure  53  is  a  recommended  project  plan  for  development  of  a  Passive  Bus 
Detector  Preemptor.     The  critical  technical  issue  revolves  around  the  re- 
quired speed  of  the  microprocessors  to  accomplish  classification.     If  only  a 
few  detectors  must  be  processed,    conventional  microprocessors  probably 
will  be  adequate.     To  satisfy  the  current  objective  (16  loop  detectors), 
special-purpose,  high-speed  microprocessors  are  necessary. 

A  second  recommendation  important  to  implementation  of  passive  bus  detector 
technology  concerns  the  bus  priority  algorithms.     The  two  systems  designed 
and  developed  under  this  contract  provide  the  FHWA  with  a  flexible  tool  to  re- 
fine the  existing  algorithms  and  develop  new  algorithms  under  actual  traffic 
conditions.     It  is  recommended  that  a  project  be  initiated  to  study  various 
algorithms  under  different  operational  conditions  to  provide  user  guidelines 
for  implementation  of  bus  priority  concepts. 
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Figure  53.     Passive  Bus  Detector  Preemptor 
Development  Plan 
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APPENDIX  I 

FIELD  ADJUSTMENT  PROCEDURE  FOR 
BUS  PRIORITY  SYSTEM  LOOP  DETECTIONS 


PROCEDURE  FOR  TUNING  LOOP  ELECTRONICS 
TO  LOOP  AND  LEAD  IN 

1.  If  loop  lead-in  is  greater  than  190  feet,    set  rocker  switch  on  loop  elec- 
tronics board  to  open.     If  less  than  190  feet,    set  rocker  switch  to  closed 
position. 

2.  Set  gain  switch  at  Position  9. 

3.  Set  the  three  capacitor  tuning  switches  to  0.     (Fine  and  coarse  tuning 
lights  should  be  on). 

4.  Increase  setting  on  left-hand  switch  until  coarse  light  goes  off.     Decrease 
one  position, 

5.  Increase  setting  on  middle  switch  until  coarse  light  goes  off.     Decrease 
on  position. 

6.  Increase  right  hand  switch  until  coarse  light  and  fine  light  goes  off. 
Note  switch  setting.     Increase  switch  position  until  fine  light  conies  on. 
Note  switch  setting.     Set  switch  at  a  position  half  way  between  two  noted 
settings. 

7.  Monitor  Pins  A  (+)  and  B  (Gnd)  of  connector  J- 3  with  a  d-c  voltmeter  and 
readjust  tuning  switch  for  minimum  output  voltage.  Final  voltage  should 
be  <  0.  2  volt. 

NOTE:      Be  sure  there  are  no  vehicles  over  the  loop  when  switch 
positions  are  determined. 

8.  The  switch-over  point  for  capacitor  range  setting  (190  feet)  is  for  the 
loop  installed  in  non- reinforced  pavement,  and  loop  drive  frequency  = 
100  KHz. 

9.  In  reinforced  pavement,  the  switch  over  point  (at  100  KHz)  should  be 
approximately  150  feet. 


133 


PROCEDURE  FOR  SETTING  LOOP  ELECTRONICS  GAIN 

1,      Nominal  gain  switch  settings  are  as  noted  in  Table  II- 1.     The  gain 
range  toggle  switch  is  located  on  the  loop  electronics  circuit     board. 

TABLE  II-l,   NOMINAL  GAIN  SWITCH  SETTINGS 

Non-Reinf.   Pavement 
Range       Sw.   Pos. 

Low  0 

1 
2 
2 
3 
4 
6 
7 
8 


2.  Monitor  Pins  A  (+)  and  B  (Gnd)  of  Connector  J- 3  with  a  d-c  voltage 
measuring  device  (chart  recorder  preferable).     Outputs  from  vehicles 
going  over  the  loop  will  vary  from  2  or  3  volts  to  11.5  volts  (vehicles 
with  lower  ground  clearance  usually  give  higher  outputs).   Minimum 
peak  outputs  from  buses  should  be  3  volts.   Maximum  peak  output  from 
busses  should  be  11  volts. 

3.  The  gain  settings  and  switchover  points  for  capacitor  range  are  not 
exact.     The  values  given  are  nominal,  based  on  limited  data  and  serve 
only  as  starting  points  for  tuning  at  various  locations  and  oscillator 
frequencies. 


Loop  Lead-in  Length 

Reinf, 

Pavement 

in  Feet 

Range 

Sw.   Poi 

0-40 

Low 

2 

40-90 

7 

90-140 

High 

0 

140-190 

1 

190-240               •, 

2 

240-290 

3 

290-340 

3 

340-390 

4 

390-440 

4 
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APPENDIX  11 

ESTIMATION  OF  VEHICLE  SPEED  FROM  BUS 
DETECTOR  SIGNATURE  DATA 


SPEED  ESTIMATION 

Summary 

Two  ways  to  estimate  vehicle  speed  were  studied  during  the  contract.     The 
first  method,   called  the  "classifier  estimate",   relies  on  the  classifier  to 
identify  the  vehicle;  then  the  speed  is  calculated  from  the  known  vehicle 
length  and  the  observed  time.     The  second  method,   called  the  "MGVD  slope 
estimate"  uses  the  slope  of  the  MGVD  phase  response  signal  (which 
theoretically  depends  only  upon  the  speed  of  the  vehicle)  to  estimate  the 
speed.     Both  methods  were  successful. 

The  classifier  estimate  has  the  obvious  disadvantage  that  it  can  only  provide 
speed  estimates  for  the  vehicles  that  are  uniquely  classified  —  in  this  case, 
the  buses.     Even  then  the  method  requires  an  accurate  vehicle  length  for 
each  class.     In  this  case,  the  buses  of  interest  all  had  essentially  the  same 
length,  but  if  mini  and  articulated  buses  are  included  the  classifier  needs  to 
be  more  complex.     As  shown  in  the  following  detailed  discussion,  the  speed 
estimates  are  accurate  to  ±10  percent. 

The  MGVD  slope  estimate  does  not  depend  upon  knowledge  of  vehicle  type 
and  so  has  a  distinct  advantage  as  a  speed  estimation  method.     Only  17 
vehicle  runs  were  useable  for  this  analysis,   but  they  provide  strong  experi- 
mental evidence  for  the  slope  being  dependent  only  upon  the  speed.     The 
speed  estimates  are  again  about  ±10  percent. 

CLASSIFIER  ESTIMATE 

This  method  assumes  that  the  first  and  last  peaks  of  a  bus  signature  are 
produced  by  the  front  and  rear  axles  of  the  bus.     The  total  time  T  between 
the  first  peak  and  the  last  peak  of  a  bus  signal  is  measured  as  a  primary 
feature  and  can  be  used  to  estimate  the  bus'  speed. 

If  we  assume 

•  constant  speed 

•  first  and  last  peaks  mark  axles 

•  bus  wheel  base  =  23  ft.    8  in. 
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Then 

23.67       30  16.14 


a        ^        23.  67 
Speed  =        rp      • 

30 

44 

16.  U 

T 

'e 

T  is  in  seconds. 

This  calculation  was  compared  with  the  speed  estimate  obtained  from  the 
presence  detector  (interrupt  light  beam)  output  that  was  recorded  during  the 
vehicle  runs.     It  was  found  that  the  peak-to-peak  estimate  was  in  error  by  a 
constant  factor  of  1/1.  3.     (This  is  probably  due  to  the  last  peak  being  caused 
by  the  combined  effects  of  the  rear  axle  and  the  rear  mounted  engine.  )    The 
corrected  formula  which  is  implemented  in  the  simulation  is  thus: 

Sn    =    Speed  (corrected)    =         ^        mph 

The  graph  (S2  vs  Sj^),    Figure  II-l,    shows  the  calculated  speed  S2  (peak-to- 
peak  corrected)  and  the  measured  speed  Si  (presence  detector)  for  each  of 
the  runs  on  asphalt.     The  scatter  about  the  line  Si  =  S2  is  attributed  to  acceler- 
ation or  deceleration  while  the  bus  was  crossing  the  loop,   plus  errors  in 
reading  the  total  time  from  the  presence  detector  marker  on  the  strip  chart 
recordings. 

MGVD  SLOPE  ESTIMATE 

Fifty-five  experimental  runs  were  made  to  test  the  phase -optimized  MGVD, 
This  was  a  multi-purpose  test  involving  four  vehicles  (VW,   step  van,   station 
wagon  and  bus)  and  recording  signals  from  both  the  MGVD  and  the  magnetic 
loop.     Unfortunately,  the  presence  detector  stopped  working  after  the  24th 
run.     Since  the  presence  detector  provides  the  speed  measurement  (nominal 
speeds  are  very  inaccurate),   this  gave  a  very  small  data  base  for  testing  the 
speed  estimation  hypothesis. 

The  useable  runs  (Table  II-l)  were  made  by  the  VW  (nine  runs)  and  the  step 
van  (eight  runs).     The  step  van  is  about  8  feet  tall  with  flat,   vertical  surfaces 
at  the  front  and  rear.     The  VW  was  a  standard  bug.     Thus,  the  two  vehicles 
were  very  dissimilar,  particularly  in  their  front  and  rear  surfaces  where 
vehicle  differences  might  affect  the  MGVD  signal  slope. 

The  slopes  were  estimated  by  measuring  the  linear  portion  of  the  signal 
trace  on  a  Brush  recording  made  during  the  experimental  run.  The  speeds 
were  determined  by  using  the  presence  detector  mark  on  the  Brush  record- 
ing to  indicate  the  time,  and  using  the  nominal  lengths  of  13.  25  feet  for  the 
VW  and  23.  75  feet  for  the  step  van.  Slope  estimates  were  made  at  both  the 
front  and  back  parts  of  each  signal.  The  measurements  are  given  in  Table 
II-l. 
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I 


20  MPH 


Sn  =  SPEED  FROM  PRESENCE  DETECTOR 
(39.75  FEET  OVERALL  LENGTH) 


20  MPH 


Figure  II- 1.     Calculated  Speed  vs  Measured  Speed: 
Classifier  Estimate 
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TABLE  II- 1 


Front 

Rear 

Vehicle 

Run 

(ft/sec) 

Slope 

Slope 
3.5 

VW 

395 

14.  6 

3.1 

396 

14,  2 

3.1 

3.5 

397 

13.6 

3.0 

3.2 

398 

13.2 

2.9 

2.9 

401 

13.  6 

2.7 

3.  1 

402 

13.  2 

2.5 

2.9 

402a 

13,6 

2.  8 

3.0 

405 

9.0 

1.9 

2.3 

406 

22.7 

4.  8 

5.2 

Step  Van 

407 

12.  7 

2.6 

3.5 

408 

13.2 

2.5 

3,  4 

409 

12.  0 

2.3 

2.  8 

410 

14.  1 

2.5 

3.3 

413 

15.  1 

3.  1 

2.  7 

414 

12.  8 

2.4 

2.  5 

417 

8.  8 

1.6 

2.  5 

418 

23.3 

4.4 

5.8 

The  model  we  want  to  test  is  that  the  speed  V  is  proportional  to  the  slope  S 
in  a  way  that  does  not  depend  on  the  vehicle.     Thus,  we  want  to  determine 
the  proportionality  constant  k  so  that  V  =  kS  and  test  whether    k    depends  on 
the  vehicle.     The  data  cable  contains  four  separate  cases  that  can  be  com- 
pared: 

Case  1  VW,  front 

Case  2  VW,   rear 

Case  3  Step  van,  front 

Case  4  Step  van.   Rear 

The  least- square  estimator  of   k    that  minimizes   Z)  (V.  -  k  S.)      is  given  by 

i 

E 

k     = 


1  V.  S. 
Ill 


1  1 
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For  these  cases,  we 

get 

Cai 

36 

k 

1 

4.  75 

2 

4.  32 

3 

5.  22 

4 

4.  16 

At  first  glance,   this  appears  inconclusive.     The  four  estimates  are  quite 
different,  but  then  the  scatter  in  the  slope  values  is  quite  large  and  this  may 
account  for  the  differences,     A  closer  look  at  the  table  reveals  what  might  be 
a  systematic  error  in  the  data. 

The  rear  slopes  are  consistently  larger  than  the  front  slopes  (with  one  excep- 
tion).    This  does  not  appear  to  be  a  random  effect  introduced  during  the  slope 
measurement.     In  searching  for  an  experimental  bias  that  might  cause  these 
differences,    one  is  led  to  the  possibility  that  these  two  vehicles  were  both 
accelerating  as  they  crossed  the  MGVD.     This  is  a  reasonable  possibility; 
furthermore,    such  being  the  case  would  cause  the  speed  increase  (and  there- 
fore the  slope  increase)  to  be  larger  for  the  longer  vehicle  --  and  this  is  the 
case. 

Operating  under  this  assumption,  the  estimate  should  be  free  of  this  effect 
if  the  average  of  the  front  and  rear  slopes  is  used.     Doing  this  yields 

^VW  =      4.  53 

k  ^  =      4.  66 

step  van 

The  difference  in  these  values  is  so  small  that  we  can  easily  conclude  the 
difference  between  the  vehicles  is  insignificant. 
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NOTICE 


IMP-16C  Application  Manual 
(Pub.  No.  4200021C) 


Refer  to  paragraph  9.  5.    Note  that  the  ROMs  or  PROMs  used  with  the  IMP-ieC  Microprocessor  require 
an  additional  clock  delay  if  the  access  time  is  greater  than  850  nanoseconds.    The  circuit  to  extend  the 
clock  period  for  ROMs  or  PROMs  that  require  access  times  up  to  1.1  microseconds  is  shown  below.    It 
is  required  to  remove  Jumper  W6  on  the  IMP-16C  P.  C.  card  when  implementing  this  circuit. 
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PREFACE 


The  IMP-16C  Application  Manual  provides  information  required  for  a  user  to  become  familiar  with  the  IMP-16C 
microprocessor  functional  and  logic  circuits,  instruction  set,  general  input/output  interfacing,  and  a  general  system 
verification.  With  this  information,  the  user  may  adapt  the  IMP-16C  microprocessor  to  his  particular  application(s). 

This  issue,  order  number  IMP-16C/921C,  pertains  to  the  IMP-16C/200  and  IMP-16/300  microprocessors.  The  IMP-16C/ 
200  is  a  pin-compatible  version  of  the  earUer  IMP-16C  card,  with  the  layout  changed  to  acconmiodate  a  second  Control 
Read  Only  Memory  (CROM).  This  second  CROM  may  be  supplied  with  an  extended  instruction  set,  or  the  second 
CROM  can  be  customized  for  special  appUcations.  The  IMP-16C/200  is  supplied  with  only  one  CROM  (programmed 
for  the  basic  instruction  set)  and  with  an  empty  CROM  socket.  The  IMP-16C/300  has  two  CROMs,  the  second  CROM 
programmed  for  the  extended  instruction  set  and  inserted  in  the  second  CROM  socket.  This  is  the  only  difference 
between  the  two  cards. 

The  IMP-16C  Interfacing  Guide  (formerly  issued  as  publication  number  4200035A)  is  presented  as  Supplement  1  to  this 
manual. 

The  material  in  this  manual  is  for  information  purposes  only  and  is  subject  to  change  without  notice. 

Copies  of  this  publication  and  other  National  Semiconductor  pubhcations  may  be  obtained  from  the  sales  offices  listed 
on  the  back  cover. 
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Chapter  1 
GENERAL  INFORMATION 


1.1         IMP-16C  CONFIGURATION 

The  IMP-16C  is  a  16-bit  parallel  processor.  It  is  packaged  on  an  8i4-by-l  1-inch  printed  wiring  card,  which  is  shown  on 
the  facing  page.  A  144-pin  connector  is  located  on  the  edge  of  the  card  for  connecting  the  IMP-16C  circuits  to  inter- 
facing units. 

The  major  functional  units  of  the  IMP-16C  are  shown  in  figure  1—1  and  are  composed  of  the  following: 


•  Central  Processing  Unit  (CPU) 

•  Clock  Generators 

•  Input  Multiplexer 

•  Data  Buffer 


•  Control  Flags 

•  Conditional  Jump  Multiplexer 

•  On-Card  Memory 

•  Address  Latches 
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Figure  1-1.  IMP-16C  Major  Functional  Units 


The  CPU  is  configured  around  the  National  Semiconductor  GPC/P  (General-Purpose  Controller/Processor)  MOS/LSI 
devices,  as  shown  in  the  simpHfied  block  diagram  of  figure  1-2.  The  MOS/LSI  devices  consist  of  one  CROM  (Control 
Read  Only  Memory)  and  four  RALUs  (Register  and  Arithmetic  Logic  Units).  Each  RALU  handles  4  bits,  and  a  16-bit 
unit  is  formed  by  connecting  four  RALUs  in  parallel.  A  4-bit-wide  control  bus  is  used  by  the  CROM  to  communicate 
most  of  the  control  information  to  the  RALUs.  The  CPU  includes  provision  for  adding  a  second  CROM  for  an  optional 
extended  instruction  set. 
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The  Clock  Generator  provides  the  MOS  clock  drivers  and  CPU  timing  signals.  The  system  clock  is  distributed  outside  of 
the  IMP-16C  for  synchronization  of  peripheral  units  with  the  IMP-16C. 

External  to  the  MOS/LSI  circuits  but  still  within  the  IMP-16C  are  control  flags  for  both  the  IMP-16C  and  external 
interfacing  circuits.  These  control  flags  are  in  addition  to  the  status  flags  that  are  internal  to  the  RALUs.  The  status 
flags  are  discussed  in  the  description  of  the  CPU  in  chapter  2.  The  control  flags  are  discussed  in  chapter  3  under  the 
control  flag  instructions.  Conditional  branches  are  selected  by  the  Conditional  Jump  Multiplexer.  These  branch  con- 
ditions are  discussed  in  chapter  3  under  the  Branch-On-Condition  (BOC)  instruction. 

Data  from  the  user's  peripheral  devices  and  add-on  memory  are  received  by  the  Input  Multiplexer.  Data  from  the  On- 
Card  Memory  are  also  processed  through  the  Input  Multiplexer  en  route  to  the  Central  Processing  Unit. 

Output  data  are  made  available  from  the  16-bit  Data  Buffer  via  the  card-edge  connector  to  the  user's  peripheral  devices 
and  add-on  memory.  A  16-bit  address  bus  is  also  brought  out  to  the  card-edge  connector  for  addressing  both  add-on 
memory  and  peripheral  devices. 

The  memory  on  the  IMP-1 6C  card  consists  of  256  words  of  read/write  memory  and  sockets  for  512  words  of  PROM  or 
ROM.  A  maximum  of  65,536  words  may  be  addressed. 

Chapter  2  contains  a  more-detailed  functional  description  of  the  IMP-16C.  The  instruction  set  is  explained  in  chapter  3. 
Chapter  4  presents  a  circuit-level  description. 


1.2 


IMP-16C  OPERATIONAL  FEATURES 


Word  Length  16  bits 

Instruction  Set         43  in  basic  instruction  set;  17  optional  instructions  available  with  extended  set  (macroinstructions 
implemented  by  CPU-resident  microprogram) 


Arithmetic  Parallel,  binary,  fixed  point,  twos  complement 

1-2 


Memory 


Addressing 


Typical  Instruction- 
Execution  Speeds 


Input/Output  and 
Control 


256  16-bit  words  of  semiconductor  read/write  memory 

Sockets  for  5 1 2  1 6-bit  words  of  semiconductor  read-only  memory 

Capable  of  addressing  65,536  16-bit  words 

Page  size  of  256  words.  For  direct  and  indirect  modes: 

•  Absolute 

•  Relative  to  Program  Counter 

•  Relative  to  Accumulator  2  (indexed) 

•  Relative  to  Accumulator  3  (indexed) 

Register-to-register  addition  —  4.55  microseconds 
Memory-to-register  addition  -  7.7  microseconds 
Register  input/output  —  10.15  microseconds 

16-bit  data-input  port 

16-bit  data-output  bus 

16-bit  address  bus 

6  general-purpose  flags 

4  general-purpose  jump-condition  inputs 

1  general  interrupt  input 

1  control  panel  interrupt  input 


1.3      POWER  AND  ENVIRONMENTAL  REQUIREMENTS 

The  IMP-16C  card  contains  both  standard  TTL  integrated  circuits  and  MOS/LSI  components.  These  circuits  require 
+5-volt  and  -12-volt  5%  regulated  dc  supplies.  In  addition,  the  read/write  memory  on  the  card  requires  a  -9-volt 
supply,  which  can  be  developed  from  the  -12-volt  source.  Typical  current  requirements  are  given  below  for  IMP-16C 
operation  at  maximum  speed;  however,  when  operating  at  lower  speeds,  the  requirements  on  the  -12-volt  and  -9-volt 
supplies  are  a  few  percent  less  than  indicated  below. 


Voltage  and  Current 


+5  volts  at  2.25  amperes 
-12  volts  at  0.5  amperes 
-9  volts  at  0.6  amperes 


When  the  IMP-16C  on-card  memory  is  disabled  (see  appendix  C),  the  -9-voit  power  supply  is  not  needed. 

NOTE 

Refer  to  8.7  of  this  manual  for  operating  procedures;  these  provide  the 
prerequisite  instructions  for  proper  use  of  the  IMP-16C. 


Temperature 


Humidity 


Operating  -  0  to  70°  C 
Storage --20  to  100°  C 

Maximum  of  90%  relative  humidity  without  condensation 
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Chapter  2 
IMP-16C  FUNCTIONAL  DESCRIPTION 


2.1         FUNCTIONAL  UNITS  AND  DATA  FLOW 

A  simplified  block  diagram  showing  the  data  flow  among  the  major  functional  units  of  the  IMP-16C  is  given  in  figure 
2— 1 .  The  main  components  of  the  Central  Processing  Unit  (CPU)  and  the  Input/Output  Section  are  shown.  The  Clock 
Generator  and  Timing  Control,  the  Control  Flags  and  Conditional  Jump  Multiplexer,  and  the  Memory  are  not  detailed 
at  this  time;  they  are  discussed  in  detail  in  chapter  4. 


2.1.1        INPUT  DATA 

Incoming  data  from  peripheral  units  and  data  from  memory  are  received  by  the  Input  Multiplexer  and  made  available 
directly  to  the  four  Register  and  Arithmetic  Logic  Units  (RALUs)  and  to  the  Data  Buffer  over  a  16-bit  data  bus.  A  4-bit 
bidirectional  bus  connects  each  RALU  to  the  data  bus. 


2.1.2   DATA  AND  ADDRESS  TRANSFERS 

Both  addresses  and  data  are  transferred  from  the  Data  Buffer  over  the  16-bit  Buffered  Data  Out  (BDO)  bus.  This  bus  is 
brought  out  to  pins  on  the  card-edge  connector  for  transferring  data  to  peripheral  units  and  off-card  memory.  The  on- 
card  memory  receives  data  directly  from  the  BDO  bus.  Addresses  are  loaded  into  the  Address  Latches,  from  which  they 
are  brought  out  to  another  set  of  pins  on  the  card-edge  connector.  Addresses  are  also  routed  to  the  on-card  memory 
directly  from  the  Address  Latches. 


2.1.3       CENTRAL  PROCESSING  UNIT  <CPU)  COMMUNICATIONS 

Communications  between  the  CROM(s)  and  the  RALUs  are  effected  over  a  4-bit  control  bus.  Because  these  units 
constitute  the  main  part  of  the  control  and  data  processing  capability  of  the  IMP-16C,  a  comprehensive  description  of 
them  follows. 

ControUing  the  operations  of  the  CPU  is  the  Control  Read-Only  Memory  (CROM).  The  control  is  effected  by  routines 
that  constitute  the  microprogram  stored  in  the  Read-Only  Memory  of  the  CROM.  The  microprogram  effects  the 
implementation  of  macroinstructions  that  comprise  the  IMP-16C  instruction  set,  with  an  expanded  set  available  in  a 
second  CROM. 

Because  the  actual  data  processing  takes  place  in  the  four  4-bit  Register  and  Arithmetic  Logic  Units  (RALUs),  they  are 
described  first  (2.2)  to  estabUsh  a  basis  for  their  control  by  the  Control  Read-Only  Memory  (CROM)  and  also  for  the 
descriptions  of  the  IMP-16C  instruction  set  described  in  chapter  3. 


2.2        REGISTER  AND  ARITHMETIC  LOGIC  UNITS  (RALUs) 

Four  4-bit  RALUs  constitute  the  Arithmetic  Section  shown  in  figure  2—2.  This  section  includes  the  following  major 
units: 

•  Input/Output  Multiplexer 

•  Last-In/First-Out  Stack  (LIFOS) 
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•  16  Status  Flags,  storable  and  retrievable  as  a  16-bit  register 

-  Link  Flag  (L) 

-  Carry  Flag  (CY) 

-  Overflow  Flag  (OV) 

-  13  General-Purpose  Flags  (two  of  which  are  directly  accessible  to  user  at  the  edge  connector) 

•  Program  Counter  (PC) 

•  Memory  Data  Register  (MDR) 

•  Memory  Address  Register  (MAR) 

•  4  Accumulators  (AC0,AC1,AC2,  and  AC3) 

•  Arithmetic  and  Logic  Unit  (ALU) 

•  Shifter 

•  Buses 

The  functions  of  these  units  are  described  in  the  following  paragraphs. 

2.2.1  INTERNAL  BUSES 

Three  buses  are  internal  to  the  RALU:  A-bus,  B-bus,  and  R-bus.  These  buses  are  described  below. 

A-Bus  (Operand  Bus).  The  contents  of  all  RALU  registers  may  be  loaded  onto  the  A-bus;  data  from  the  top  of  the  Last- 
In/First-Out  (LIFO)  stack  and  from  the  RALU  Status  Flags  (combined  as  a  16-bit  word)  may  be  loaded  as  operands. 
During  such  loading  on  the  A-bus,  the  data  may  be  complemented  under  control  of  the  CROM.  The  contents  of  the 
A-bus  may  be  gated  through  the  ALU  and  Shifter  to  the  R-bus  or  out  of  the  RALU  to  the  IMP-16C  data  bus  through 
the  Input/Output  Multiplexer. 

B-Bus  (Operand  Bus).  The  contents  of  all  RALU  registers  may  be  loaded  onto  the  B-bus.  The  contents  of  the  B-bus  may 
be  loaded  only  into  the  Arithmetic  and  Logic  Unit  (ALU). 

R-Bus  (Result  Bus).  The  R-bus  serves  to  transfer  the  results  of  ALU  operations  to  any  RALU  register,  the  LIFOS,  and 
the  RALU  flags. 

2.2.2  LAST-ilM/FIRST-OUT  STACK  (LIFOS) 

Each  RALU  has  a  stack  that  operates  on  a  last -in/ first-out  basis.  The  stack  is  16  words  high  and  is  accessible  through 
the  top  location.  The  16-bit-per-word  stack  of  figure  2—2  is  contained  in  the  four  4-bit  RALUs  comprising  the  Arith- 
metic Section.  A  16-bit  data  word  is  entered  via  the  R-bus  and  retrieved  via  the  A-bus.  As  a  word  is  entered  into  the 
top  location  of  the  stack,  the  16  bits  in  the  top  location  are  pushed  down  one  level,  and  the  entered  bits  occupy  the 
top  location.  The  contents  of  each  lower  level  are  replaced  by  the  contents  of  the  next  higher  location,  and  the  con- 
tents of  the  bottom  location  are  lost.  The  reverse  process  occurs  when  a  word  is  retrieved  from  the  stack;  in  this  case, 
zeros  are  entered  into  the  bottom  location. 

The  stack  is  used  primarily  for  saving  of  status  during  interrupts  and  for  temporary  storage  of  subroutine  return 
addresses.  It  may  also  be  used  to  temporarily  store  data  using  the  appropriate  instructions,  described  in  chapter  3. 

2.2.3  RALU  FLAGS 

There  are  16  RALU  status  flags.  These  flags  may  be  pushed  onto  the  stack  for  temporary  storage  during  interrupt 
processing.  The  flags  may  be  transferred  back  into  their  respective  flag  flip-flops  after  completion  of  the  interrupt 
service.  Whenever  the  status  flags  are  manipulated,  the  entire  complement  of  flags  is  configured  as  a  16-bit  register;  the 
L  (link),  CY  (carry),  and  OV  (overflow)  flags  are  the  first,  second,  and  third  most  significant  bits,  respectively,  and  the 
remaining  general-purpose  flags  comprise  the  13  less  significant  bits.  The  CY  or  the  OV  flags  may  be  selected  for  output 
on  the  CYOV  line  from  the  RALUs,  under  control  of  the  SEL  control  flag.  For  SEL  control  flag  usage,  see  4.3. 
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Figure  2-1.  IMP-1 6C  Simplified  Block  Diagram 
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Figure  2-2.  IMP-16C  16-Bit  Arithmetic  Section 
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2.2.4  PROGRAM  COUNTER  (PC) 

The  Program  Counter  (PC)  holds  the  address  of  the  next  instruction  to  be  executed.  It  is  incremented  by  1  immediately 
following  the  fetching  of  each  instruction  during  execution  of  the  current  instruction.  When  there  is  a  branch  to  another 
address  in  the  main  memory,  the  branch  address  is  set  into  the  Program  Counter.  A  skip  instruction  merely  increments 
the  Program  Counter  by  1 ,  thus  causing  the  one  instruction  to  be  skipped. 

2.2.5  MEMORY  DATA  REGISTER  (MDR)  AND  MEMORY  ADDRESS  REGISTER  (MAR) 

The  Memory  Data  Register  (MDR)  holds  data  transferred  from  the  main  memory  to  the  processor,  or  vice  versa.  When 
fetching  data,  the  effective  address  is  placed  in  the  Memory  Address  Register  (MAR),  and  the  fetch  instruction  causes 
the  data  word  to  be  transferred  from  the  designated  main-memory  location  to  the  Memory  Data  Register.  Conversely, 
when  storing  data  in  the  main  memory,  the  data  word  is  placed  in  the  Memory  Data  Register,  the  effective  address  is 
placed  in  the  Memory  Address  Register,  and  the  store  instruction  causes  the  data  word  to  be  transferred  to  the 
designated  memory  location. 

2.2.6  ACCUMULATORS  AGO,  ACl,  AC2,  AND  AC3 

The  accumulators  hold  operands  for  data  manipulation  during  arithmetic  and  logical  operations.  Also,  the  result  of  an 
operation  is  usually  stored  temporarily  in  one  of  the  four  accumulators.  Data  words  may  be  fetched  from  memory  to 
the  accumulator  or  stored  from  the  accumulator  into  memory.  The  particular  accumulator  to  take  part  in  an  operation 
is  specified  by  the  programmer  in  the  appropriate  instruction. 

2.2.7  ARITHMETIC  AND  LOGIC  UNIT  (ALU),  SHIFTER,  AND  COMPLEMENTER 

The  Arithmetic  and  Logic  Unit  (ALU)  performs  both  arithmetic  and  logical  operations:  binary  addition,  AND,  OR,  and 
exclusive  OR.  Arithmetic  and  logical  operations  are  effected  by  the  microprogram  that  is  part  of  the  CROM.  The 
IMP-16C  performs  arithmetic  using  the  twos-complement  technique.  The  contents  of  the  A-bus  may  be  selectively 
complemented  under  control  of  control  bits  from  the  CROM. 

The  output  of  the  Arithmetic  and  Logic  Unit  is  transferred  to  the  R-bus  through  the  Shifter  and  may  then  be  stored  in 
the  stack  or  any  of  the  RALU  registers.  The  Shifter  is  capable  of  performing  a  single-position  shift,  either  to  the  left  or 
to  the  right,  during  each  basic  machine  cycle. 

2.2.8  INPUT/OUTPUT  MULTIPLEXER 

The  Input/Output  Multiplexer  handles  data,  address,  and  instruction  transfers  into  and  out  of  the  RALU  from  or  into 
the  main  memory  and  peripheral  devices  on  a  time-multiplexed  basis.  As  shown  in  figure  2—2,  output  data  (to  data 
bus)  must  be  received  from  the  A-bus,  and  input  data  passes  from  the  Input/Output  Multiplexer  to  the  R-bus. 


2.3   CONTROL  AND  READ-ONLY  MEMORY  (CROM) 

Figure  2—3  is  a  simplified  block  diagram  emphasizing  the  role  of  the  CROM  and  four  RALUs  as  part  of  the  IMP-16C. 
Data  buffers  are  provided  between  the  CPU  MOS/LSI  devices  and  other  parts  of  the  equipment  that  have  been  imple- 
mented with  TTL  logic.  These  buffers  are  TRI-STATE®  logic  elements  that  permit  bus-connected  inputs. 

The  primary  control  of  the  RALU  devices  is  accomplished  over  the  4-bit  control  bus.  The  control  bus  is  time- 
multiplexed  to  transfer  four  4-bit  words  of  control  information  per  machine  cycle.  The  functions  effected  by  the 
control  bits  are  indicated  in  figure  2—4. 
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The  CROM  contains  a  microprogram  that  implements  the  standard  instruction  set.  This  microprogram  resides  in  a  100- 
by-23-bit  ROM.  During  an  instruction  fetch,  the  9  most  significant  bits  of  the  instruction  word  are  transferred  to  the 
CROM;  these  9  bits  comprise  the  opcode  and  other  pertinent  control  fields  of  an  instruction  word.  The  instruction  bits 
are  decoded,  and  then  the  ROM  Address  Control  in  the  CROM  directs  the  control  sequence  to  an  entry  point  in  the 
microprogram.  The  sequence  continues  until  exjecution  of  the  fetched  instruction  is  completed.  Then,  the  CROM  goes 
through  another  fetch  cycle  to  fetch  the  next  instruction  from  memory.  This  process  is  continuously  repeated. 


2.4        IMP-16C  TIMING 

The  basic  machine  cycle  of  the.  IMP-16C  consists  of  the  execution  of  a  single  microprogram  step.  This  cyclic  time 
period  comprises  eight  time  intervals:  Tl,  T2, . . .  ,T8.  As  indicated  in  the  timing  diagram  of  figure  2—4,  clock  pulses 
(phases  1,3,5,  and  7)  occur  in  the  four  clock  lines  at  the  respective  odd-time  periods  Tl ,  T3,  T5,  and  T7. 


2.4.1        EFFECT  OF  CONTROL  BITS 

NOTE 

The  effects  of  the  CROM  control  bits  described  in  2.4.1  are  presented 
for  completeness  to  show  their  relationship  to  the  other  signals  in  figure 
2—4.  Comprehension  of  this  description  is  not  required  to  understand 
the  operation  of  the  IMP-16C  and,  for  this  reason,  may  be  deferred  for 
later  reading. 

The  encoding  of  the  control  bits  shown  in  figure  2—4  for  the  4-line  time-multiplexed  control  bus  (between  the  CROM 
and  the  RALU)  is  described  below  for  each  of  the  four  time  phases.  It  is  during  these  time  phases  that  control  informa- 
tion is  transferred  from  the  CROM  to  the  RALU.  Control  bus  Hnes  are  designated  CBO  through  CB3. 

Phase  1  Control  Bits 

•  If  the  3-bit  A-bus  address  field  is  nonzero,  the  contents  of  the  RALU  register  designated  in  the 
macroinstruction  are  gated  onto  the  A-bus. 

•  If  the  A-bus  address  field  is  zero  and  the  push-pull  control  bit  is  "1,"  the  LIFO  Stack  is  pulled, 
and  the  contents  of  the  top  of  the  stack  are  gated  onto  the  A-bus. 

•  If  the  A-bus  address  field  is  zero  and  the  push-pull  control  bit  is  "0,"  then  a  value  of  zero  is  gated 
onto  the  A-bus. 

NOTE 

Pushing  data  onto  the  stack  is  also  contingent  on  the  push-pull  control 
bit  and  is  described  under  Phase  7  Control  Bits,  where  the  operation 
occurs. 

Phase  3  Control  Bits 

•  If  the  3-bit  B-bus  address  field  is  nonzero,  then  the  contents  of  the  register  designated  in  the 
macroinstruction  are  gated  onto  the  B-bus. 

•  If  the  B-bus  address  field  is  zero,  a  value  of  zero  is  gated  onto  the  B-bus. 

•  The  Complement  A-bus  bit  causes  the  A  input  to  the  ALU  to  be  complemented. 
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Phase  5  Control  Bits 

•   The  ALU  bits  designate  a  function  according  to  table  2—1 . 

Table  2-1.'  ALU  Function  Bits 


Code 

Function 

00 
01 
10 

11 

— ^ — ____ 

AND 
XOR 
OR 
ADD 

The  Control  Function  bits  designate  a  function  according  to  table  2—2.  The  no-op  function  applies 
only  to  the  Control  Function  field.  The  expression  R  •*-  0/SIGN  means  that  either  zeros  or  the  sign 
of  the  less  significant  byte  of  the  word  being  transferred  to  the  R-bus  is  propagated  throughout  the 
more  significant  byte.  (If  the  fourth  control  bit  CB3  is  "1"  during  phase  7,  the  sign  is  propagated; 
otherwise,  zero  is  propagated.) 


Table  2-2.  Control  Function  Bits 


Code 

Function 

00 

No-Op  (no  operation  for  control  bits  only) 

01 

R "«-  0/SIGN  (zero  or  sign  propagation) 

10 

LSH  (Left  Shift) 

11 

RSH  (Right  Shift) 

Phase  7  Control  Bits 


•  If  the  3-bit  R-bus  field  is  nonzero,  the  contents  of  the  R-bus  are  gated  into  the  register  addressed 
by  this  field. 

•  If  the  Control  Function  bits  transferred  during  phase  5  do  not  specify  R-«- 0/SIGN  (see  table  2—2), 
then  CB3  specifies  the  source  of  the  data  gated  onto  the  R-bus: 

—  If  CB3  is  "0,"  the  source  is  the  output  of  the  ALU. 

—  If  CB3  is  "1 ,"  the  data  comes  from  an  external  source  via  the  Data  Multiplexer. 

•  If  R  «-  0/SIGN  is  specified,  then  CB3  specifies  whether  zero  or  the  sign  is  propagated  throughout 
the  more  significant  byte. 

•  If  the  R-bus  address  is  zero  and  the  push-pull  control  bit  was  active  (during  phase  1),  a  data  word 
is  pushed  onto  the  LIFO  Stack  from  the  R-bus. 
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2.4.2  MISCELLANEOUS  TIMING  SIGNALS 

The  control  of  the  Flag  Flip-Flops  is  indicated  on  the  timing  diagram  (figure  2—4).  A  unique  flag  address  is  established 
during  each  machine  cycle;  at  T2  the  flag  may  be  set,  and/or  at  T6  the  flag  may  be  reset.  It  is  thus  possible  to  set,  reset, 
or  pulse  a  flag  during  a  single  machine  cycle. 

The  Conditional  Jump  Multiplexer  shares  the  same  address  lines  as  the  Flag  Rip-Flops.  If  a  conditional  jump  is  being 
performed,  the  condition  is  tested  during  T2. 

2.4.3  DATA  TRANSFER  TIMING 

Data  transfers  between  the  RALU  and  the  Data  Bus  may  occur  at  three  times  during  each  microcycle: 

•  During  T4,  the  data  word  presently  on  the  A-bus  is  gated  onto  the  Data  Bus.  The  information  that 
appears  on  the  Data  Bus  at  this  time  either  is  output  data  destined  for  memory  or  an  external 
device,  or  is  an  address  value  used  for  loading  the  Address  Register  latch  (shared  by  memory  and 
external  devices). 

•  At  T2,  the  contents  of  the  R-bus  (result  of  preceding  microcycle)  are  gated  onto  the  Data  Bus. 
Primarily,  the  data  provide  inputs  to  the  Conditional  Jump  Multiplexer  to  permit  testing  of  the 
result  of  the  operation  performed  on  the  previous  microcycle. 

•  During  T7,  data  to  be  transferred  to  the  RALU  appear  on  the  Data  Bus.  The  data  may  then  be 
gated  onto  the  R-bus  by  the  RALU's  Input/Output  Multiplexer  and,  subsequently,  may  be  stored 
in  one  of  the  working  registers  (ACO  through  ACS). 


2.5        IMP-16C  OPERATION 

A  flowchart  of  the  events  that  occur  during  a  typical  operation  of  the  IMP-16C  is  given  in  figure  2—5.  The  various 
events  are  further  elaborated  upon  in  the  following  paragraphs. 

2.5.1        INITIALIZATION 

When  power  is  first  applied  to  the  processor,  all  RALU  registers,  flags,  and  the  stack  are  cleared  to  zero.  The  micro- 
program then  enters  an  initialization  sequence,  in  which  the  Program  Counter  (PC)  is  set  to  a  starting  value  of  FFFEig 
(the  next-to-last  location  in  the  top  page  of  memory,  assuming  a  maximum  of  2^6  memory  locations).  The  reasons  for 
choosing  this  location  over  location  0000 ig  or  any  other  location  can  be  explained  as  follows.  In  most  applications,  the 
first  few  executable  statements  in  a  macroprogram  are  usually  initialize  routines  and  other  program  segments  of  a  super- 
visory nature.  By  keeping  these  in  the  top  portion  of  memory,  the  supervisor  programs  can  be  stored  in  ROM  for  non- 
volatility.  Since  the  base  page  is  directly  accessible  from  anywhere  in  memory,  it  is  desirable  for  it  to  be  implemented 
with  read/ write  memory. 


2,5.2       INSTRUCTION  FETCH 

Following  the  initialize  sequence,  control  is  transferred  to  the  first  step  in  the  fetch  microroutine.  During  this  first 
microcycle  of  the  fetch  routine,  the  contents  of  the  Program  Counter  (PC)  are  sent  out  on  the  data  bus  at  T4;  at  the 
same  time,  the  Read  Memory  Flag  is  set  high.  This  causes  the  external  Address  Register  to  be  loaded  with  the  contents 
of  the  PC.  The  Read  Memory  Flag  actuates  a  read  operation  in  the  system  memory.  During  T7  of  the  same  microcycle, 
the  16-bit  instruction  comes  back  from  memory  ready  to  be  decoded.  At  that  time,  bits  0  through  7  are  placed  in  the 
RALU  Memory  Data  Register,  and  bits  7  through  15  are  loaded  into  the  CROM.  Bits  8  through  15  of  the  Memory  Data 
Register  are  set  equal  to  the  value  of  bit  7. 
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Figure  2-5.  IMP-16C  Instruction  Execution  Flowchart 
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In  the  next  microcycle,  the  Program  Counter  is  incremented  to  point  to  the  next  consecutive  memory  location. 

A  decision  is  made  as  to  whether  the  instruction  just  read  in  needs  to  make  reference  to  memory.  If  it  does  not  (for 
register-register  operations  and  other  noiunemory  reference  instructions),  then  the  instruction  decode  circuit  steers 
control  to  a  microprogram  entry  point  that  corresponds  to  the  particular  instruction.  If  the  instruction  requires  a 
memory  reference,  then  two  additional  microprogram  steps  are  required  to  compute  an  effective  address  and  to  bring 
in  the  new  word:  first,  the  memory  address  is  computed,  and,  second,  the  data  word  is  transferred  from  memory  to  the 
register  designated  by  the  preceding  instruction. 


2.5.3       COMMUNICATIONS  WITH  MEMORY 

During  a  memory-read  operation,  the  microprogram  sends  an  address  on  the  data  bus  at  T4;  this  address  is  loaded  into 
the  Address  Register  under  control  of  the  Read  Memory  Flag.  Similarly,  during  a  write-memory  operation,  the  address 
is  loaded  under  control  of  the  Load  Address  Flag.  These  flags  are  further  discussed  in  chapter  3. 

When  executing  a  memory-read  operation,  the  processor  sends  out  an  address  on  the  bus  at  T4  and  expects  data  back 
at  T7  of  the  same  microcycle.  A  circuit,  described  in  chapter  4,  is  included  on  the  IMP-16C  card  to  extend  the  interval 
between  T4  and  T7  to  accommodate  memories  whose  access  times  are  longer  than  the  normal  T4-to-T7  interval. 

A  memory-write  operation  takes  2  microcycles,  because  both  address  and  data  have  to  be  sent  out.  The  address  is  sent 
out  during  T4  of  the  first  microcycle  and  is  latched  in  the  address  register.  The  output  data  destined  for  memory  arrives 
during  T4  of  the  next  microcycle  and  can  be  used  directly  to  write  memory.  In  the  IMP-16C,  T4  is  stretched  for  two 
additional  periods  to  accommodate  both  the  read  and  write  delays  necessary  to  communicate  with  the  system  memory. 


2.5.4       EXECUTION  OF  INSTRUCTIONS 

The  CROM  in  the  IMP-16C  contains  a  microprogram  that  implements  the  standard  instruction  set.  Each  macroinstruc- 
tion  in  a  user's  program  is  brought  into  the  processor  under  control  of  the  CROM's  microprogram  instruction  fetch 
routine.  This  instruction  is  then  decoded,  and  the  ROM  Address  Control  in  the  CROM  directs  the  control  sequence  to 
an  entry  point  in  the  microprogram.  The  sequence  continues  until  execution  is  completed.  Then,  the  CROM  goes 
through  another  instruction-fetch  cycle  to  bring  in  the  next  macroinstruction.  The  process  is  repeated  continuously 
until  directed  otherwise  by  a  macroinstruction  such  as  Halt  or  an  interrupt  condition. 

A  test  for  an  interrupt  condition  is  made  at  the  beginning  of  each  instruction  fetch.  If  the  interrupt  line  is  high,  the 
CROM  transfers  control  to  a  microprogram  sequence  that  determines  the  type  of  interrupt  that  occurred.  If  a  control 
panel  interrupt  is  not  active,  the  CROM  assumes  that  a  general  interrupt  is  in  effect.  For  a  general  interrupt,  the 
contents  of  the  PC  are  saved  on  the  stack,  and  then  the  Interrupt  Routine  in  memory  location  1  is  executed;  otherwise, 
the  Control  Panel  Subroutine  is  executed. 


2-13/14 


Chapters 
IMP-16C  INSTRUCTION  SET 


3.1  INTRODUCTION 

Eight  functional  types  of  instructions  comprise  the  basic  IMP-16C  instruction  set: 

•  Load  and  Store 

•  Arithmetic 

•  Logical 

•  Skip  , 

•  Shifts 

•  Transfer  of  Control 

•  Register 

•  Input/Output  and  Miscellaneous 

The  instructions  for  each  functional  type  are  described  as  a  group.  For  each  instruction,  the  name  of  the  instruction, 
its  mnemonic,  its  word  format,  its  operation  in  the  form  of  an  equation,  and  a  succinct  explanation  of  its  operation  are 
given.  A  tabulated  summary  of  each  type  of  instruction  precedes  the  detailed  descriptions.  An  extended  instruction  set 
(available  as  an  option)  is  described  in  3.7. 

Before  describing  the  instructions,  brief  descriptions  of  the  registers  referred  to  in  the  instruction  descriptions  are  given. 

The  IMP-16C  instructions  and  their  assembler  language  opcode  mnemonics  are  summarized  in  appendix  A. 

3.2  ARITHMETIC  AND  LOGIC  UNITS  REFERENCED  IN  IMP-16C  INSTRUCTIONS 

The  units  referenced  in  the  ensuing  description  of  the  IMP-16C  instructions  are  listed  below  and  are  shown  in  block 
diagram  form  in  figure  3—1 . 

•  Last-In/First-Out  Stack  (LIFOS) 

•  Register  and  Arithmetic  Logic  Unit  (RALU)  Flags 

•  Program  Counter  (PC) 

•  Accumulator  0  (ACO) 

•  Accumulator  1  (ACl) 

•  Accumulator  2  (AC2) 

•  Accumulator  3  (AC3) 
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Figure  3—1.  Arithmetic  and  Logic  Units 
Referenced  in  IMP-16C  Instructions 


3.2.1        LAST-SN/FIRST-OUT  STACK  (LSFOS) 

The  IMP-16C  has  a  hardware  stack  that  data  may  be  stored  in  or  retrieved  from  on  a  last-in/first-out  basis.  The  stack  is 
16  words  deep  and  is  accessible  through  the  top  location.  As  a  data  word  is  entered  into  the  stack,  the  contents  of  the 
top  location  and  each  other  location  are  pushed  downward  to  the  next  lower  level;  if  the  stack  is  full,  the  word  in  the 
bottom  location  is  lost.  Conversely,  the  contents  of  the  top  location  are  pulled  from  the  stack  during  retrieval  of  a  data 
word;  the  top  location  and  each  lower  location  are  replaced  by  the  contents  of  the  next  lower  location,  and  zeros  are 
entered  into  the  bottom  location. 

The  stack  is  used  primarily  for  saving  status  during  interrupts  and  for  saving  subroutine  return  addresses.  It  may  be  used 
also  for  temporary  storage  of  data  using  the  PUSH,  PULL,  XCHRS,  PUSHF,  and  PULLF  instructions  (described  later 

in  this  chapter). 


3.2.2        REGISTER  AND  ARITHMETIC  LOGIC  UNIT  (RALU)  FLAGS 

There  are  16  RALU  status  flags.  These  flags  may  be  pushed  onto  the  stack  (saved)  or  may  be  loaded  from  the  stack 
(restored).  During  such  operations,  the  flags  are  configured  as  a  16-bit  word:  the  L  (Link),  CY  (Carry),  and  OV 
(Overflow)  flags  are  the  first,  second,  and  third  most  significant  bits,  respectively,  and  the  remaining  13  general-purpose 
flags  comprise  the  remaining  13  less  significant  bits  (figure  3—11). 

Flags  0  and  12  are  externally  available.  The  L  flag  is  primarily  used  in  some  shifting  operations,  and  the  CY  and  OV 
flags  are  adjuncts  for  arithmetic  operations.  The  specific  uses  of  the  flags  are  elaborated  upon  in  the  appropriate 
instruction  descriptions. 
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3.2.3  PROGRAM  COUNTER  (PC) 

The  Program  Counter  (PC)  holds  the  address  of  the  next  instruction  to  be  executed.  When  there  is  a  branch  to  another 
address  in  the  main  memory,  the  branch  address  is  set  into  the  Program  Counter.  A  skip  instruction  merely  increments 
the  Program  Counter  by  1 ,  thus  causing  the  one  instruction  to  be  skipped. 

3.2.4  ACCUMULATORS  0,  1,  2,  AND  3  (ACO,  AC1,  AC2,  AND  AC3) 

The  accumulators  are  used  as  working  registers  for  data  manipulation.  Data  may  be  fetched  from  a  location  in  memory 
to  an  accumulator,  and  may  be  stored  from  an  accumulator  to  a  location  in  memory.  The  particular  accumulator  to 
take  part  in  an  operation  is  specified  by  the  programmer  in  the  appropriate  instruction. 


3.3        DATA  AND  INSTRUCTIONS 

3.3.1        DATA  REPRESENTATION 

Data  are  represented  in  the  IMP-16C  in  twos-complement  integer  notation.  In  this  system,  the  negative  of  a  number  is 
formed  by  complementing  each  bit  in  the  data  word  and  adding  1  to  the  complemented  number.  The  sign  is  indicated 
by  the  most  significant  bit.  In  the  16-bit  word  of  the  IMP-16C,  when  bit  15  is  a  "0,"  it  denotes  a  positive  number;  when 
it  is  a  "1,"  it  denotes  a  negative  number.  Maximum  number  ranges  for  this  system  are  VFFFig  (+32767 iq)  and  8000^6 
(-32768 lo).  The  carry  flag  is  set  to  the  value  of  the  most  significant  bit  position  (bit  15)  resulting  from  an  add 
operation.  The  overflow  flag  is  set  to  "1"  if  two  numbers  having  like  signs  are  added  and  the  sign  of  the  resulting  sum  is 
different  from  that  of  the  operands. 


3.3.2       INSTRUCTIONS 

There  are  eight  classes  of  IMP-16C  instructions.  Each  class  of  instruction  and  the  associated  instructions  are  summa- 
rized in  a  table  preceding  the  descriptions  of  the  instructions.  Also,  the  applicable  instruction  word  formats  are  defined. 


3.4        MEMORY  ADDRESSING 

The  IMP-16C  instruction  set  provides  for  direct  and  indirect  memory  addressing.  For  direct  addressing,  three  distinct 
modes  are  available:  base  page  (or  absolute),  program-counter  relative,  and  indexed.  The  mode  of  addressing  is  specified 
by  the  XR  field  of  the  simplified  instruction  word  format  shown  in  figure  3—2. 


15  1           1           1           1           1    10 

9    1     8 

7     1           1           1           1           1           1           1     0 

OPERATION   CODE 

XR 
FIELD 

DISPLACEMENT    FIELD 

Figure  3-2.  Instruction  Word  for  Addressing  Memory 


3.4.1        BASE  PAGE  ADDRESSING 

When  the  XR  field  is  00,  it  specifies  base  page  addressing.  Base  page  is  directly  accessible  from  any  location  in  the 
address  space  of  the  memory.  In  this  mode,  the  effective  address  is  formed  by  setting  bits  8  through  15  to  zero  and 
using  the  value  of  the  8-bit  displacement  field  as  an  absolute  address.  Up  to  256  words  (locations  0  through  255)  may 
be  addressed  in  this  way. 
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3.4.2       PROGRAM-COUNTER  RELATIVE  ADDRESSING 

Program-counter  relative  addressing  is  specified  when  the  XR  field  is  01 .  The  displacement  is  treated  as  a  signed  number 
such  that  its  sign  bit  (bit  7)  is  propagated  to  bits  8  through  15,  and  the  effective  address  is  formed  by  adding  the  con- 
tents of  the  PC  to  the  resulting  number.  This  permits  PC-relative  addressing  -128  and  +127  locations  from  the  PC  value; 
however,  at  the  time  of  formation  of  the  address,  the  PC  has  already  been  incremented  in  the  microprogram  and  is 
pointing  to  the  next  macroinstruction.  Because  of  this,  the  actual  addressing  range  is  from  -127  to  +128  from  the 
current  instruction. 


3.4.3        INDEXED  ADDRESSING 

Indexed  addressing  is  done  with  reference  to  Accumulator  2  or  3  (AC2  or  ACS).  In  this  mode,  the  displacement  field  is 
again  interpreted  as  a  signed  8-bit  number  from  -128  to  +127  with  the  sign  (bit  7)  extended  through  bits  8  through  15. 
The  contents  of  the  chosen  index  register  (AC2  when  xr=  IO2  and  ACS  when  xr  =  1 12)  are  added  to  the  number  formed 
from  the  displacement  value  to  yield  an  effective  address  that  can  reach  any  location  in  65,5S6  words  of  memory. 


Table  3—1.  Summary  of  Addressing  Modes 


XR  Field 

Addressing  Mode 

Effective  Address 

Range 

00 

Base 

EA  =  disp 

0  <  disp  <  255 

01 

Relative  to  Program  Counter 

EA  =  disp  +  (PC) 

-128  <  disp  <  127 

10 

Relative  to  AC2 

EA  =  disp  +  (AC2) 

-1 28  <  disp  <  127 

11 

Relative  to  ACS 

EA  =  disp  +  (ACS) 

-128<  disp  <  127 

3.4.4        INDIRECT  ADDRESSING 

Indirect  addressing  is  accomplished  by  first  calculating  the  effective  address  (EA)  using  the  same  method  used  for  direct 
addressing;  the  memory  location  at  this  address  contains  a  number  that  is  then  used  as  the  address  of  the  operand.  The 
following  instructions  use  indirect  addressing: 

•  Load  Indirect  (see  table  S— 3) 

•  Store  Indirect  (see  table  3— S) 

•  Jump  Indirect  (see  table  3—7) 

®   Jump  to  Subroutine  Indirect  (see  table  3—7) 


3.5        NOTATION  AND  SYMBOLS  USED  IN  IMP-16C  INSTRUCTION  DESCRIPTIONS 

Refer  to  table  3-2  for  definitions  of  the  notation  and  symbols  used  in  the  IMP-16C  instruction  descriptions.  The 
notations  are  given  first  in  alphabetical  order  followed  by  the  symbols.  Upper-case  mnemonics  refer  to  fields  in  the 
instruction  word;  lower-case  mnemonics  refer  to  the  numerical  value  of  the  corresponding  fields.  In  cases  where  both 
lower-  and  upper-case  mnemonics  are  composed  of  the  same  letters,  only  the  lower-case  mnemonic  is  given  in  table  3-2. 
The  use  of  lower-case  notation  designates  variables. 
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Table  3-2.  Notation  Used  in  Instruction  Descriptions 


Notation 

Meaning 

ACr 

Denotes  a  specific  working  register  (ACO,  ACl ,  AC2,  or  AC3),  where  r  is  the  number  of  the  accumula- 
tor referenced  in  the  instruction. 

AR 

Denotes  the  address  register  used  for  addressing  memory  or  peripheral  devices. 

cc 

Denotes  the  4-bit  condition  code  value  for  conditional  branch  instructions. 

ctl 

Denotes  the  7-bit  control-field  value  for  flag,  input/output,  and  miscellaneous  instructions. 

CY 

Indicates  that  the  Carry  flag  is  set  if  there  is  a  carry  due  to  the  instruction  (either  an  addition  or  a 
subtraction). 

disp 

Stands  for  displacement  value  and  it  represents  an  operand  in  a  nonmemory  reference  instruction  or  an 
address  field  in  a  memory  reference  instruction.  It  is  an  8-bit,  signed  twos-complement  number  except 
when  base  page  is  referenced;  in  the  latter  case,  it  is  unsigned. 

dr 

Denotes  the  number  of  a  destination  working  register  that  is  specified  in  the  instruction-word  field. 
The  working  register  is  limited  to  one  of  four:  ACO,  ACl,  AC2,  or  ACS. 

EA 

Denotes  the  effective  address  specified  by  the  instruction  directly,  indirectly,  or  by  indexing.  The 
contents  of  the  effective  address  are  used  during  execution  of  an  instruction.  See  table  3—1. 

fc 

Denotes  the  number  of  the  referenced  flag  (see  table  3—13  under  3.6.8,  Input/Output,  Halt,  and  Flag 
Instructions). 

INTEN 

Denotes  the  Interrupt  Enable  control  flag. 

lOREG 

Denotes  an  input/output  register  in  a  peripheral  device. 

L 

Denotes  1  -bit  link  (L)  flag. 

OV 

Indicates  that  the  overflow  flag  is  set  if  there  is  an  overflow  due  to  the  instruction  (either  an  addition 
or  a  subtraction). 

PC 

Denotes  the  program  counter.  During  address  formation,  it  is  incremented  by  1  to  contain  an  address 
1  greater  than  that  of  the  instruction  being  executed. 

r 

Denotes  the  number  of  a  working  register  that  is  specified  in  the  instruction-word  field.  The  working 
register  is  limited  to  one  of  four:  ACO,  ACl,  AC2,  or  AC3. 

SEL 

Denotes  the  Select  control  flag.  It  is  used  to  select  the  carry  or  overflow  for  output  on  the  carry  and 
overflow  (CYOV)  line  of  the  CPU,  and  to  include  the  Unk  bit  (L)  in  shift  operations. 

sr 

Denotes  the  number  of  a  source  working  register  that  is  specified  in  the  instruction-word  field.  The 
working  register  is  limited  to  one  of  four:  ACO,  ACl,  AC2,  or  ACS. 

xr 

When  not  zero,  this  value  designates  the  number  of  the  register  to  be  used  in  the  indexed  and  relative 
memory-addressing  modes.  See  table  3—1 . 
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Table  3-2.  Notation  Used  in  Instruction  Descriptions  (Continued) 


Notation 

Meaning 

() 

Denotes  the  contents  of  the  item  within  the  parentheses.  (ACr)  is  read  as  "the  contents  of  ACr." 
(EA)  is  read  as  "the  contents  of  EA." 

[  ] 

Denotes  "the  result  of." 

~ 

Indicates  the  logical  complement  (ones  complement)  of  the  value  on  the  right-hand  side  of  ~. 

— > 

Means  "replaces." 

«- 

Means  "is  replaced  by." 

@ 

Appearing  in  the  operand  field  of  an  instruction,  denotes  indirect  addressing. 

A 

Denotes  an  AND  operation. 

V 

Denotes  an  OR  operation. 

V 

Denotes  an  exclusive  OR  operation. 

3.6        INSTRUCTION  DESCRIPTIONS 

Each  class  and  subclass  of  instruction  is  introduced  by  a  table  that  lists  and  summarizes  the  instructions.  The  word 
format  then  is  illustrated.  Detailed  descriptions  are  given,  providing  the  following  information: 

•  Name  of  instruction  followed  by  operation  code  mnemonic  in  parentheses 

•  Operation  Code  in  word  format  diagram 

•  Operation  in  equation  notation 

•  Description  of  operation  in  detail 

3.6.1        LOAD  AND  STORE  INSTRUCTIONS 

There  are  four  instructions  in  this  group.  These  are  summarized  in  table  3—3  and  then  individually  described.  The  word 
format  is  shown  in  figure  3—3. 

Table  3-3.  Load  and  Store  Instructions 


Instruction 

OpCode 

Operation 

Assembler  Format 

LOAD 

LOAD  INDIRECT 

STORE 

STORE  INDIRECT 

1000 
1001 
1010 
1011 

(ACr)  *-  (EA) 
(ACr)<-((EA)) 
(EA)  ^  (ACr) 
((EA))^(ACr) 

LD         r,  disp(xr) 
LD         r,  @disp(xr) 
ST         r,  disp(xr) 
ST         r,  @disp(xr) 
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NOTE 

For  indirect  operations,  the  symbol  @  must  precede  the  memory 
location  designated  in  the  operand  field  of  the  assembler  instruction. 


15 

1             1             1 

12 

11    1    10 

9    1     8 

^   1        1 

1          1           1 

1           1     0    1 

OP  CODE 

r 

xr 

disp 

Specifies  operation. 


Displacement  value.  Designates  direct  address  if  xr  value  is  00; 
otherwise,  designates  augend  for  index  address  calculation. 

Indexing  designator.   When  nonzero,  designates  number  of  the  register 
whose  contents  are  the  addend  for  address  calculation  (table  3— 1 ). 

Register  designator.  Designates  number  of  working  register  involved  in  operation. 


Figure  3-3.  Load  and  Store  Instruction  Format 


Load  (LD) 


15   1 

1 

12 

11   1 

10 

9    1     8 

7     I           1 

1           1            1 

1           1     0 

1 

0 

0 

0 

r 

xr 

disp 

Operation:       (ACr)  -^  (EA) 

Description:     The  contents  of  ACr  are  replaced  by  the  contents  of  EA.  The  initial  con- 
tents of  ACr  are  lost;  the  contents  of  EA  are  unaltered. 


Load  (LD)  Indirect 


15   1 

12 

11   1    10 

9    1     8 

7     I           1 

1           1           1 

1           1     0    1 

1 

0 

0 

1 

r 

xr 

disp 

Operation:       (ACr)  <-  ((EA)) 

Description:  The  contents  of  ACr  are  replaced  indirectly  by  the  contents  of  EA.  The 
initial  contents  of  ACr  are  lost;  the  contents  of  EA  and  the  location  that 
designates  EA  are  unaltered. 
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Store  (ST) 

15  I         I         I    12      11  I    10       9    I    8        7 


1        0        1 


J I I \ I         1    ° 


disp 


Operation:       (EA)  <-  (ACr) 

Description:     The  contents  of  EA  are  replaced  by  the  contents  of  ACr.  The  initial  con- 
tents of  EA  are  lost;  the  contents  of  ACr  are  unaltered. 


Store  (ST)  Indirect 

15  I         I         I    12  I   11  I    10  I    9   )    8    I    7    I         I 


1 


J L L 


disp 


Operation:       ((EA))  -^  (ACr) 

Description:  The  contents  of  EA  are  replaced  indirectly  by  ACr.  The  initial  contents  of 
EA  are  lost;  the  contents  of  ACr  and  the  location  that  designates  EA  are 
unaltered. 


3.6.2       ARITHMETIC  INSTRUCTIONS 

There  are  two  instructions  in  this  group  summarized  in  table  3—4  and  then  described  individually.  Either  of  these 
instructions  may  be  carried  out  with  any  of  the  four  general-purpose  accumulators  (ACO,  1,  2,  or  3).  The  word  format 
is  shown  in  figure  3—4. 


Table  3-4.  Arithmetic  Instructions 


Instruction 

OpCode 

Operation 

Assembler  Format 

ADD  (ADD) 
SUBTRACT  (SUB) 

1100 
1101 

(ACr)  ^  (ACr)  +  (EA),OV,CY 
(ACr)  ^  (ACr)  +  ~  (EA)  +  1  ,OV,CY 

ADD         r,  disp(xr) 
SUB         r,  disp(xr) 
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Displacement  value.  Designates  direct  address  if  xr  value  is  00; 
otherwise,  designates  augend  for  index  address  calculation 
(table  3-1). 

Indexing  designator.  When  nonzero,  designates  number  of  index  register 
register  whose  contents  are  the  addend  for  address  calculation  (table  3— 1 ). 

Register  designator.  Designates  number  of  working  register  (accumulator)  involved  in 
operation. 


Add  (ADD) 


Figure  3-4.  Arithmetic  Instruction  Format 


15  1           1           1    12 

11   1    10 

9    1     8 

M       1       1       1       1       1       1   0 

110         0 

r 

xr 

disp 

Operation:       (ACr)  ^  (ACr)  +  (EA),OV,CY 

Description:  The  contents  of  ACr  are  added  algebraically  to  the  contents  of  the  effective 
memory  location  EA.  The  sum  is  stored  in  ACr,  and  the  contents  of  EA 
are  unaltered.  The  preceding  contents  of  ACr  are  lost.  The  carry  and 
overflow  flags  are  set  according  to  the  result  of  the  operation. 


Subtract  (SUB) 


15    1 

1     12 

11   1    10 

9    j     8 

7     1           1 

1          1           1 

1         1    0    1 

1 

1 

0         1 

r 

xr 

disp 

Operation:       (ACr)  ^  (ACr)  +  ~  (EA)  +  1 ,  OV,CY 

Description:  The  contents  of  ACr  are  added  to  the  twos  complement  of  the  effective 
memory  location  EA.  The  result  is  stored  in  ACr,  and  the  effective  mem- 
ory location  is  unaltered.  The  carry  and  overflow  flags  are  set  according  to 
the  result  of  the  operation. 
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3.6.3        LOGICAL  INSTRUCTIONS 

There  are  two  instructions  in  this  group,  summarized  in  table  3—5  and  then  described  individually.  Either  of  these 
instructions  may  be  carried  out  with  only  two  of  the  general-purpose  accumulators,  ACO  or  ACl.  The  word  format  is 
shown  in  figure  3—5. 


Table  3—5.  Logical  Instructions 


Instruction 

OpCode 

Operation 

Assembler  Format 

AND 
OR 

01100 
01101 

(ACr)*-(ACr)A(EA) 
(ACr)^(ACr)V(EA) 

AND         r,  disp(xr) 
OR         r,  disp(xr) 

15   1           1           1           1               10 

9    1     8 

M        1       1       1        1       1        1   0 

OP  CODE                          r 

xr 

disp 

Specifies  operation. 


Displacement  value.  Designates  direct  address  if  xr  field  is  00; 
otherwise,  designates  augend  for  index  address  calculation 
(table  3-1). 

Indexing  designator.   When   nonzero,  designates  number  of  the  register 
whose  contents  are  the  addend  for  address  calculations  (table  3— 1 ). 

Register  designator.  Designates  ACO  when  "0"  or  ACl  when  "1 ." 


And  (AND) 


Figure  3-5.  Logical  Instruction  Format 


15   1           1           1           1    11 

10 

g  1   8 

7     1           1          1           1           1          1           1     0 

0         110         0 

r 

xr 

disp 

Operation:       (ACr)  *-  (ACr)  A  (EA) 

Description:  The  contents  of  ACr  (where  r  is  either  0  or  1)  and  the  contents  of  the 
effective  memory  location  EA  are  ANDed,  and  the  result  is  stored  in  ACr. 
The  initial  contents  of  ACr  are  lost,  and  the  contents  of  EA  are  unaltered. 
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Or(OR) 


15   1           1           1           i    11 

10 

9    1     8 

7     1           1           1           1           1           1           1     0 

0         110         1 

r  ' 

xr 

disp 

Operation:       (ACr)  ^  (ACr)  V  (EA) 

Description:  The  contents  of  ACr  (where  r  is  either  0  or  1)  and  the  contents  of  the 
effective  memory  location  EA  are  ORed  inclusively,  and  the  result  is 
stored  in  ACr.  The  initial  contents  of  ACr  are  lost,  and  the  contents  of  EA. 
are  unaltered. 


3.6.4       SKIP  INSTRUCTIONS 

Five  instructions  comprise  the  skip  instructions,  summarized  in  table  3—6.  Three  word  formats  are  required  and  shown 
in  figure  3—6. 


Table  3-6.  Skip  Instructions 


Instruction 

Operation 
Code 

Operation 

Assembler  Format 

Memory  References 

INCREMENT  AND  SKIP  IF  ZERO 

011110 

(EA)^(EA)+1; 

IF  (EA)  =  0,  (PC)  ^  (PC)  +  1 

ISZ 

disp(xr) 

DECREMENT  AND  SKIP  IF  ZERO 

011111 

(EA)^(EA)-I; 

IF  (EA)  =  0,  (PC)  ^  (PC)  +  1 

DSZ 

disp(xr) 

Register  References 

SKIP  IF  GREATER 

1110 

IF  (ACr)  >  (EA),  (PC)  ^  (PC)  +  1 

SKG 

r,  disp(xr) 

SKIP  IF  NOT  EQUAL 

nil 

IF  (ACr)  ^  (EA),  (PC)  *-  (PC)  +  1 

SKNE 

r,  disp(xr) 

Limited  Register  Reference 

SKIP  IF  AND  IS  ZERO 

OHIO 

IF  [(ACr)A(EA)]  =0, 
(PC)^(PC)+1 

SKAZ 

r,  disp(xr) 

3-11 


Memory  Reference  Skip  Instruction 


15   1 

1           i           1 

1  10 

9     1    8 

7     I           1 

1           1           1 

1           1     0     1 

OP  CODE 

xr 

disp 

Specifies  operation. 


Displacement  value.  Designates  direct  address  if  xr  value  is  00; 
otherwise,  designates  augend  for  the  address  calculation 
(table  3-1). 

Indexing  designator.  When  nonzero,  designates  number  of  the  register 
whose  contents  are  the  addend  for  address  calculation  (table  3—1 ). 


Register  Reference  Instruction 


15 

1           1           1 

12 

11    1    10 

9    1     8 

7     1           1 

1           1           1 

1           1     0     1 

OP  CODE 

r 

xr 

disp 

Specifies  operation. 


Displacement  value.  Designates  direct  address  if  xr  value  is  00; 
otherwise,  designates  augend  for  the  address  calculation 
(table  3-1). 

Indexing  designator.  When  nonzero,  designates  number  of  index  register 
whose  contents  are  the  addend  for  address  calculation  (table  3— 1 ). 

Register  designator.  Specifies  number  of  register  whose  contents  are  to  be  compared 
with  contents  of  effective  address  in  determining  whether  skip  operation  occurs.  May 
be  AGO,  1,2,  or  3. 


Limited  Register  Reference  Instruction 


15   1           1           1           1    11 

10 

9    1     8 

7     1           i          1           1           1           1           1     0 

OP  CODE 

r 

xr 

disp 

Specifies  operation. 


Displacement  value.  Designates  direct  address  if  xr  value  is  00; 
otherwise,  designates  augend  for  the  address  calculation 
(table  3-1). 

Indexing  designator.  When  nonzero,  designates  number  of  the  register 
whose  contents  are  the  addend  for  address  calculations  (table  3—1). 

Register  designator.  Specifies  number  of  register  whose  contents  are  compared 
with  contents  of  effective  address  in  determining  whether  skip  operation  occurs. 
May  be  only  AGO  or  AG1 . 


Figure  3—6.  Skip  Instruction  Formats 
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Increment  and  Skip  If  Zero  (ISZ) 


15   1 

1 

1 

1 

1    10 

9    1     8 

7     1 

i          1 

A       L 

1         1    0    1 

0 

1 

1 

1 

1 

0- 

xr 

disp 

Operation:       (EA)  ^  (EA)  +  1 ;  if  (EA)  =  0,  (PC)  *-  (PC)  +  1 

Description:  The  contents  of  EA  are  incremented  by  1 .  The  new  contents  of  EA  are 
tested  to  determine  whether  they  equal  zero.  If  the  new  contents  of  EA 
equal  zero,  the  contents  of  PC  are  incremented  by  1 ,  thus  skipping  the 
rnemory  location  designated  by  the  initial  contents  of  PC.  The  contents  of 
EA  are  unaltered. 


Decrement  and  Skip  If  Zero  (DSZ) 

^5|  I  I I PO   I     9    I     8         7 


J I L 


I     0 


1111 


disp 


Operation:       (EA)  *-  (EA)  -  1 ;  if  (EA)  =  0,  (PC)  ^  (PC)  +  1 

Description:  The  contents  of  EA  are  decremented  by  1.  The  new  contents  of  EA  are 
tested  to  determine  whether  they  equal  zero.  If  the  new  contents  of  EA 
equal  zero,  the  contents  of  PC  are  incremented  by  1 ,  thus  skipping  the 
memory  location  designated  by  the  initial  contents  of  PC. 


Skip  If  Greater  (SKG) 


15   1 

1 

1    ^2 

11   1    10 

9    1     8 

7     1           1 

1           1 

1          1 

1    0    1 

1 

1 

1 

0 

r 

xr 

disp 

Operation:       If  (ACr)  >  (EA),  (PC)  ^  (PC)  +  1 

Description:  The  contents  of  ACr  (when  r  is  ACO,  1,  2,  or  3)  and  the  contents  of  the 
effective  memory  location  EA  are  compared  on  an  algebraic  basis  with  due 
regard  to  the  signs  of  the  two  operands.  If  the  contents  of  ACr  are  greater 
than  the  contents  of  EA,  the  contents  of  PC  are  incremented  by  1 ,  thus 
skipping  the  memory  location  designated  by  the  initial  contents  of  PC.  The 
initial  contents  of  PC  are  lost.  The  contents  of  ACr  and  EA  are  unaltered. 
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Skip  If  Not  Equal  (SKNE) 

15   I  I  I    12       11    I    10        9    I     8  7 


J \ L 


1111 


disp 


Operation:       If  ACr  f  (EA),  (PC)  <-  (PC)  +1 

Description:  The  contents  of  ACr  (where  ACr  is  ACO,  1,  2,  or  3)  and  the  contents  of  the 
effective  memory  location  EA  are  compared.  If  the  contents  of  ACr  and 
the  effective  memory  location  EA  are  not  equal,  the  contents  of  PC  are 
incremertted,  thus  skipping  the  memory  location  designated  by  the  initial 
contents  of  PC.  The  initial  contents  of  PC  are  lost.  The  contents  of  ACr 
and  EA  are  unaltered. 


Skip  If  AND  Is  Zero  (SKAZ) 


15 

1 

1 

1    '' 

10 

9    1     8 

7     ,           1 

1           1           1 

1           1     0     1 

0 

1 

1 

1 

0 

r 

xr 

disp 

Operation:       If  [(ACr)  A  (EA)]  =  0,  (PC)  *-  (PC)  +1 

Description:  The  contents  of  ACr  (where  r  is  either  0  or  1)  and  the  contents  of  the 
effective  memory  location  EA  are  ANDed.  If  the  result  equals  zero,  the 
contents  of  PC  are  incremented  by  1 ,  thus  skipping  the  instruction  desig- 
nated by  the  initial  contents  of  PC.  The  initial  contents  of  PC  are  lost.  The 
contents  of  ACr  and  EA  are  unaltered. 


3.6.5       TRANSFER-OF-CONTROL  INSTRUCTIONS 

There  are  seven  instructions  in  this  group,  summarized  in  table  3—7.  Three  word  formats  are  required  and  shown  in 
figure  3—7. 


Table  3-  7.   Transfer-of-Control  Instructions 


Instruction 

Operation  Code 

_ — ____ _ ^ — _ — _ 

Operation 

Assembler  Format 

Jumps 

JUMP 

001000 

(PC)  ^  EA 

JMP 

disp(xr) 

JUMP  INDIRECT 

001001 

(PC)-(EA) 

JMP 

@disp(xr) 

JUMP  TO  SUBROUTINE 

001010 

(STK)  <-  (PC);  (PC)  ^  EA 

JSR 

disp(xr) 

JUMP  TO  SUBROUTINE  INDIRECT 

001011 

(STK)  ^  (PC);  (PC)  *-  (EA) 

JSR 

@disp(xr) 

Branch 

BRANCH-ON  CONDITION 

0001 

IF  CC  IS  TRUE 
(PC)  ^  (PC)  +  disp 

BOC 

CC,  disp 
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Table  3-  7.  Transfer-of-Control  Instructions  (Continued) 


Instruction 

Operation  Code 

Operation 

_ 

AssembSer  Format 

Returns 

RETURN  FROM  INTERRUPT 

000000010 

(PC)^(STK)  +  ctl; 
INTEN  FLAG  SET 

RTI 

ctl 

RETURN  FROM  SUBROUTINE 

000000100 

(PC)  ^  (STK)  +  ctl 

RTS 

ctl 

JUMP  TO  SUBROUTINE  IMPLIED 

000000111 

(STKKCPC); 

JSRI 

ctl 

(PC)  <-  FF8O16  +  ctl 

Jump  Snstruction 


15   1 

1           1           1 

1    10 

9    1     8 

^    1        1 

1           1           1 

1 

1   0   1 

OP  CODE 

xr 

disp 

Specifies  Ofjeration. 


Displacement  value.  Designates  direct  address  if  xr  value  is  00;  oth- 
erwise, designates  augend  for  the  address  calculation  (table  3—1). 

Indexing  designator.  When  nonzero,  designates  number  of  the  register  whose 
contents  are  the  addend  for  address  calculation  (table  3—1 ). 


Branch  Instruction 


OP  CODE 


disp 


Specifies  ofjeration. 


Displacement  value.  Designates  immediate  value  that  is  added  to 
the  contents  of  the  program  counter  (PC)  to  calculate  the  address 
for  the  next  instruction  that  follows  the  branch  instruction  if  the 
branch  condition  is  true. 

Condition  code.  Specifies  branch  condition  code  (listed  in  table  3—8). 


J L_I 


Return  Instruction 

'  '  U I I 1      I 


OP  CODE 


ctl 


S|3ecifies  operation. 


Control  field.  Designates  a  value  added  to  the  return  address 
when  used  in  return  instructions.  Designates  the  control  field 
transferred  to  peripheral  device  in  input/output  instructions. 
The  ctl  value  is  an  unsigned  7-bit  number. 


Figure  3-  7.  Transfer-of-Control  Instruction  Formats 
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Juinp(JMP) 


15    1 

1 

1 

1    10 

9    1     8 

7     1           I 

1           1           1 

L 

1   0  1 

0 

0 

1 

0 

0 

0 

xr 

disp 

Operation:       (PC)  -^  EA 

Description:     The  effective  address  EA  replaces  the  contents  of  PC.  The  next  instruction 
is  fetched  from  the  location  designated  by  the  new  contents  of  PC. 


Jump  (JMP)  Indirect 


^5    1 

1 

1 

1 

1  10 

9    1    8 

7     1           1 

1           i           1 

1          10    1 

0 

0 

1 

0 

0 

1 

xr 

disp 

Operation:       (PC)  <-  (EA) 

Description:  The  contents  of  the  effective  address  (EA)  replaces  the  contents  of  PC. 
The  next  instruction  is  fetched  from  the  location  designated  by  the  new 
contents  of  PC. 


Jump  to  Subroutine  (JSR) 


15    1           1           1           1          1   10 

9    j     8 

7     1           S          1           1           1          1           1     0 

0         0         10          10 

xr 

disp 

Operation:       (STK)^(PC),  (PC)^(EA) 

Description:  The  contents  of  PC  are  stored  in  the  top  of  the  stack.  The  effective  address 
EA  replaces  the  contents  of  PC.  The  next  instruction  is  fetched  from  the 
location  designated  by  the  new  contents  of  PC. 
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Jump  to  Subroutine  (JSR)  Indirect 


15   1           i           1           1          1    10 

9    1     8 

7     1           1          1           1           1           1           1     0 

0         0          1          0         1          T 

xr 

disp 

Operation:       (STK)^(PC),  (PC)^(EA) 

Description:  The  contents  of  PC  are  stored  in  the  top  of  the  stack.  The  contents  of  the 
effective  address  (EA)  replace  the  contents  of  PC.  The  next  instruction  is 
fetched  from  the  location  designated  by  the  new  contents  of  PC. 


Branch-On  Condition  (BOC) 


15   1 

1    12 

11    1 

1 

1     8 

7     1           1 

1           1           1 

i        1   oj 

0 

0 

0 

1 

cc 

disp 

Operation:       (PC)  *-  (PC)  +  disp  (sign  extended  from  bit  7  through  bit  1 5) 

Description:  There  are  16  possible  condition  codes  (cc).  These  are  listed  in  table  3—8, 
If  the  condition  for  branching  designated  by  cc  is  true,  the  value  of  disp 
(sign  extended  from  bit  7  through  bit  15)  is  added  to  the  contents  of  PC, 
and  the  sum  is  stored  in  PC.  The  initial  contents  of  PC  are  lost.  Program 
control  is  transferred  to  the  location  specified  by  the  new  contents  of  PC. 


NOTE 

(1)  PC  is  always  incremented  by  1  immediately  following  the  fetching 
of  an  instruction,  so  the  contents  of  PC  during  execution  of  an 
instruction  is  1  greater  than  the  address  of  that  instruction.  This 
must  be  considered  during  execution  of  the  BOC  instruction:  for 
example,  if  the  address  of  the  BOC  instruction  is  100,  then  101  is 
added  to  the  value  of  disp  (sign  extended). 

(2)  The  disp  field  is  a  signed  8-bit  number,  whose  sign  is  extended 
from  bit  7  through  bit  15  to  form  a  16-bit  number  (including 
sign).  Thus,  the  range  of  addressing  with  a  BOC  instruction  is 
-127  to  +128  relative  to  the  address  of  the  current  instruction. 


3-17 


Table  3-8.  Branch-On  Condition  Codes 


Condition  Code 

Condition  Tested 

Remarics 

0000 

Interrupt  Line  =1 

Interrupt  need  not  be  tested  by 

0001 

(ACO)  =  0 

macroprogram 

0010 

(ACO)>0 

0011 

Bit  0  of  ACQ  =  1 

0100 

Bitl  of  AGO  =  I 

0101 

(ACO)  f  0 

Olio 

CONTROL  PANEL  INTERRUPT  LINE  =  1 

0111 

CONTROL  PANEL  START  =  1 

1000 

STACK  FULL  LINE  =  1 

1001 

INTERRUPT  ENABLE  =  1 

1010 

CARRY/OVERFLOW  =  1 

Carry  if  SEL  =  0;  overflow  if  SEL  =  1 

1011 

(ACO)  <  0 

1100 

User 

' 

1101 
1110 

User 
User 

Available  for  general-purpose  use 

nil 

User 

NOTE 

For  both  the  following  instructions  (RTI  and  RTS),  the  ctl  value  is  an 
unsigned  7-bit  number. 


Return  from  Interrupt  (RTI) 


15    1 

1 

1  7 

6     1 

1          1          1 

1     0    1 

0 

0 

0 

0 

0 

0 

0 

1 

0 

ctl 

Operation:       Set  INT  EN  (interrupt  enable  flag) 
(PC)  *-  (STK)  +  ctl 

Description:  The  interrupt  enable  flag  (INT  EN)  is  set.  The  contents  of  PC  are  replaced 
by  the  sum  of  ctl  and  the  contents  of  STK.  Program  control  is  transferred 
to  the  location  specified  by  the  new  contents  of  PC.  (RTI  is  used  primarily 
to  exit  from  an  interrupt  routine.) 
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Return  from  Subroutine  (RTS) 

15  1  I  I  I 


0         0  1 


1         t         i    0 


ctl 


Operation:       (PC)  -^  (STK)  +  ctl 

Description:  The  contents  of  PC  are  replaced  by  the  sum  of  ctl  and  the  contents  of 
STK.  Program  control  is  transferred  to  the  location  specified  by  the  new 
contents  of  PC.  (RTS  is  used  primarily  to  return  from  subroutines  entered 
by  JSR.) 


Jump  to  Subroutine  Implied  (JSRI) 


15 

1 

1 

1 

1 

1 

! 

1  -> 

6    1 

1          1           1 

1     0     1 

0 

0 

0 

0 

0 

0 

1 

1 

1 

ctl 

Operation:       (STK)^(PC),  (PC)^  FF8O16  +  ctl 

Description:  The  contents  of  PC  are  pushed  onto  the  stack.  The  contents  of  PC  are 
replaced  by  the  address  implied  by  the  sum  of  the  ctl  value  and  the  num- 
ber FF80i6-  This  enables  a  subroutine  jump  to  memory  locations  FFSOig 
through  FFFF16  (0  <  ctl  <  7Fi6). 


3.6.6       SHIFT  INSTRUCTIONS 

Four  instructions  comprise  this  group.  All  four  instructions  may  be  used  with  the  Link  (L)  bit  by  setting  the  SEL  flag. 
This  is  accomplished  with  a  Set  Flag  (SFLG)  instruction  before  executing  the  shift  or  rotate  instruction.  Examples  of 
shifting  with  and  without  SEL  set  are  given  in  diagram  form  for  each  instruction  in  the  descriptions  that  follow.  Note 
that  the  SEL  flag  also  affects  the  BOC  instructions  as  indicated  in  table  3—8. 

The  shift  instructions  are  summarized  in  table  3—9,  and  the  word  format  is  shown  in  figure  3—8. 

All  shift  and  rotate  operations  may  be  carried  out  with  any  of  the  four  general-purpose  accumulators,  ACO,  1,  2,  or  3. 
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Table  3-9.  Shift  Instructions 


Instruction 

Operation  Code 

Operation 

Assembler  Format 

SfEL  =  0 

SEL=1 

ROTATE  LEFT 

(disp  >  0) 

010110 

(ACro)-(ACri5), 
(ACrn)^(ACrn.i) 

(ACro)-(L), 

(L)-(ACri5), 

(ACrn)-(ACrn.i) 

ROL         r,  m 

ROTATE  RIGHT 

(disp  <  0) 

010110 

(ACri5)<-(ACro), 
(ACrn)<-(ACrn+i) 

(ACri5)-(L), 

(L)-(ACro), 

(ACrn)^(ACrn+i) 

ROR        r,  m 

SHIFT  LEFT 

(disp  >  0) 

010111 

(ACrn)-(ACrn.i), 
(ACro)^O 

(L)-(ACri5), 

(ACr„)-(ACrn.i), 

(ACro)^O 

SHL         r,  m 

SHIFT  RIGHT 
(disp  <  0) 

010111 

(ACri5)-0, 
(ACrn)^(ACrn+i) 

(ACr,5)-(L), 

(L)-0, 

(ACr„)^(ACr„+i) 

SHR        r,  m 

NOTE:    For  all  shift  and  rotate  instructions,  "m"  denotes  the  number  of  positions  to  be  shifted  or  rotated,  and 
is  equal  to  the  absolute  value  of  disp.  See  example  3  in  appendix  B. 

15  1 

1           1           1 

1    10 

9    1     8 

^    1 

1          1           1           1 

J          J     01 

OP  CODE 

r 

disp 

Specifies  Operation. 


Displacement  value.  Designates  number  of  positions  for  shifting 
and  rotating  instructions. 

Register  designator.  Designates  number  of  worl<ing  register  (ACQ,  1,  2, 
or  3)  involved  in  operation. 


Figure  3-8.  Shift  Instruction  Format 
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Rotate  Left  (ROL)  {for  disp  >  0) 

15  I         I         [         I         I   10 


1 


8     \     1 


disp 


SEL  =  0 

Operation: 


(ACro)^(ACri5),    (ACrn)^(ACrn.i) 


Description:     The  contents  of  ACr  are  shifted  around  to  the  left  disp  times.  (ACris) 
replaces  (ACro)  for  each  shift. 


r 


L 


15 


I     i     I ! L 


J \ I \ 1      I     I 


n 


SEL=1 

Operation: 


(ACro)-(L),    (L)^(ACri5),    (ACrn)-(ACrn.i) 


Description:     The  contents  of  ACr  are  shifted  around  to  the  left  disp  times.  (L)  replaces 
(ACro),  and  (ACr^s)  replaces  (L)  for  each  shift. 


p5i     I     I     I L_J L 


I   0 


1 


L_ 
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Rotate  Right  (ROR)  (for  disp  <  0) 


15   1           I           1           1          |10 

9     1    8 

7    1           1          1           II           1           1     0 

0         10          1          10 

r 

disp 

SEL  =  0 

Operation:       (ACri5)^(ACro),  (ACfn)  ^(ACin+i) 

Description:     The  contents  of  ACr  are  shifted  around  to  the  right  disp  times.  (ACro) 
replaces  (ACrjf)  for  each  shift. 


151         I         I         I         I 


J_J \ L_J I     |o 


n 


L 


SEL=1 

Operation:       (ACri5)^(L),    (L)*-(ACro),    (ACrn)  ^(ACrn+i) 

Description:     The  contents  of  ACr  are  shifted  around  to  the  right  disp  times.  (L) 
replaces  (ACris),  and  (ACro)  replaces  (L)  for  each  sliift. 


L  M! 

-Q-t 


1_J \ I I       I       I 


l_ 


Shift  Left  (SHL)  (for  disp  >  0) 


15   ,           1           1           1          1    10 

9    1     8 

7     1           1          1           1           1          1           1     0 

0         10         111 

r 

disp 

SEL  =  0 

Operation:       (ACrn)'<-(ACrn-i),    (ACro)<-0 

Description:     The  contents  of  ACr  are  shifted  to  the  left  disp  times.  (ACris)  is  lost,  and 
zero  replaces  (ACro)  for  each  shift. 


15 


J \ I \ L 


LOST  ■♦ 

- 


-*- 0 
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SEL=1 

Operation: 


(L)^(ACri5),    (ACrn)^(ACrn.i),    (ACro)^O 


Description:     The  contents  of  ACr  are  shifted  to  the  left  disp  times.  (L)  is  lost. 
(ACris)  replaces -(L),  and  zero  replaces  (ACro)  for  each  shift. 


LOST  -*- 


i5_L 


J \ LJ L 


J \ I L 


3-- 


Shift  Right  (SHR)  (for  disp  <  0) 


'^  1 

1 

1 

1  ^° 

g   {    8 

7     i 

1          i           1           1 

1           1     0 

0 

1 

0 

1 

1 

1 

r 

disp 

SEL  =  0 

Operation:       (ACri5)*-0,    (ACrn) -^(ACrn+i) 

Description:     The  contents  of  ACr  are  shifted  to  the  right  disp  times.  (ACro)  is  lost,  and 
zero  replaces  (ACr  15)  for  each  shift. 


J5J I \ \ \ \ L 


J \ L_J Lo. 


-*►  LOST 


SEL  =  1 

Operation:       (ACru)  ^(L),  (L)^0,  (ACrn)  ^(ACr^+i) 

Description:     The  contents  of  ACr  are  shifted  to  the  right  disp  times.  (ACro)  is  lost,  (L) 
replaces  ACr^s,  and  zero  replaces  (L)  for  each  shift. 


A 


15 


I         I         I         I         I 


i_J LL 


—  >  LOST 
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3.6.7        REGISTER  INSTRUCTIONS 

There  are  eleven  instructions  in  this  group,  summarized  in  table  3—10.  Three  word  formats  are  required  and  are  shown 
in  figure  3—9. 


Table  3- 1 0.  Register  Instructions 


Instiuction 

Operation  Code 

Operation 

Assembler  Format 

Register  and  Stack 

PUSH  ONTO  STACK 

010000 

(STK)  -^  (ACr) 

PUSH         r 

PULL  FROM  STACK 

010001 

(ACr)  -^  (STK) 

PULL         r 

EXCHANGE  REGISTER  AND  STACK 

010101 

(STK)  -e-  (ACr),    (ACr)  -«-  (STK) 

XCHRS         r 

Register  and  Immediate 

LOAD  IMMEDIATE 

010011 

(ACr)  ■<-  disp  (sign  extended) 

LI         r,  disp 

ADD  IMMEDIATE,  SKIP  IF  ZERO 

010010 

(ACr)  <- (ACr)  +  disp  (sign  extended), 
OV,CY;if(ACr)  =  0,  (PC) -<- (PC)  +  1 

AISZ         r,  disp 

COMPLEMENT  AND  ADD  IMMEDIATE 

010100 

(ACr)-<-~  (ACr)  +  disp 
(sign  extended) 

CAI         r,  disp 

1 

Instruction 

Operation  Code 

Operation 

Assembler  Format 

OPl 

0P2 

0P3 

Register  to  Register 

REGISTER  ADD 

001 1 

0 

00 

(ACdr)«-(ACsr)  +  (ACdr),  OV.CY 

RADD         sr,  dr 

REGISTER  EXCHANGE 

0011 

1 

00 

(ACsr)<-(ACdr),    (ACdr)  ■<- ( ACsr) 

RXCH         sr,  dr 

REGISTER  COPY 

0011 

1 

01 

(ACdr)<*-(ACsr) 

RCPY         sr,  dr 

REGISTER  EXCLUSIVE-OR 

0011 

1 

10 

(ACdr)  <-  (ACsr)  V  (ACdr) 

RXOR         sr,  dr 

REGISTER  AND 

0011 

1 

11 

(ACdr)  4-  (ACsr)  A  (ACdr) 

RAND         sr,  dr 
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Register  and  Stack  Instructions 

15  1          1          1          1          1    10 

9    1     8- 

7    11111110 

OP  CODE 

r 

NOT  USED 

Specifies  operation. 

! 

Not  used.  These  bits  are  coded  to  zeros  and  are 
ignored  for  these  instructions. 

< 

Register  designator.  Designates  number  of  working  register  (AGO,  1 ,  2, 
Dr  3)  involved  in  operation. 

Register  and  Immediate  Instructions 

15  1           j    13  1    12  1          1     10 

9    1     8 

M          1          1          1          1          1          1     0 

/ 

OP  CODE 

r 

disp 

Specifies  operation. 

1 

Displacement  value.  Designates  immediate  value,  which  is  an 

operand  in  those  instructions  involving  an  immediate  operand. 

Register  designator.  Designates  number  of  working  register  {AGO,  1 .  2, 
or  3)  involved  in  operation. 

Register-to-Register  Instructions 

15    1           1           1    12 

11   1    10 

9    1     8          7 

1          1           1           1     2 

1     ,     0 

OP   1 

sr 

dr 

OP 
2 

NOT  USED 

OP  3 

Specifies  operation  with 
bits  0,  1,  and  7. 

1 

OpCode  3.   Bits  0,   1,  and  7 

with  bits  12  through  15  com- 
prise the  operation  code  and 
specify  the  operation. 

Not  used.  These  bits  are  coded  to  zeros  and  are 
ignored  for  this  class. 

OpCode  2.  Bits  0,  1,  and  7  with  bits  12  through  15  comprise  the 
operation  code  and  specify  the  operation. 

Destination  register  designator.  Designates  number  of  one  of  the  two  oper- 
and registers  involved  in  an  operation.  Result  is  placed  in  the  destination 
register,  whose  original  contents  are  lost. 

Source  register  designator.  The  number  of  one  of  the  two  operand  registers  involved 
in  an  operation.  Its  contents  are  not  altered  by  the  operation  except  during  RXCH 
(register  exchange). 

Figure  3-  9.  Register  Instruction  Formats 
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Push  onto  Stack  (PUSH) 


15   1 

1 

10 

9    1     8 

^   1 

1          1          1           1           1 

1    0    1 

0 

1 

0 

0 

0 

0 

r 

NOT  USED 

Operation:       (STK)  ^  (ACr) 

Description:  The  stack  is  pushed  by  the  contents  of  the  register  (ACO,  1,  2,  or  3) 
designated  by  r.  Thus,  the  top  of  the  stack  then  holds  the  contents  of 
ACr,  and  the  contents  of  all  other  levels  in  the  stack  are  moved  down  one 
level.  If  the  stack  is  full  before  the  push  occurs,  the  contents  of  the  lowest 
level  are  lost.  The  initial  contents  of  ACr  are  unaltered. 


Pull  from  Stack  (PULL) 


15   1 

1 

10 

9    1     8 

7     1 

i          1           1           1          1 

1    0    1 

0 

1 

0 

0 

0 

1 

r 

NOT  USED 

Operation:       (ACr)  <-  (STK) 

Description:  The  stack  is  pulled.  The  contents  from  the  top  of  the  stack  replace  the 
contents  of  register  number  r  (ACO,  1,  2,  or  3).  The  initial  contents  of 
ACr  are  lost.  The  contents  of  each  level  of  the  stack  moves  up  one  level. 
Zeros  enter  the  bottom  of  the  stack. 


Exchange  Register  and  Stack  (XCHRS) 


15   1 

1 

10 

9    1     8 

7     1           1 

1          1           1          1 

1    0    1 

0 

1 

0 

1 

0 

1 

r 

NOT  USED 

Operation:       (STK)  *- (ACr),    (ACr)  ^  (STK) 

Description:     The  contents  of  the  top  of  the  stack  STK  and  the  register  designated  by 
r  (ACO,  1 ,  2,  or  3)  are  exchanged. 


Load  Immediate  (LI) 

JU I \ L 


10 


1       1 


9    I     8 


J i         i         I         I    0 


disp 


Operation:       (ACr)  «-  disp  (sign  extended) 

Description:  The  value  of  disp  with  sign  bit  7  extended  through  bit  15  replaces  the 
contents  of  ACr  (ACO,  1 ,  2,  or  3).  The  initial  contents  of  ACr  are  lost. 
The  immediate  operand  range  is  -128  to  +127. 
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Add  Immediate,  Skip  If  Zero  (AISZ) 


15   1 

1 

1    10 

9    j     8 

7     1            1 

1            1            i 

1           j     0 

0 

1          0 

0 

1 

0' 

r 

disp 

Operation:       (ACr)  •«-  (ACr)  +  disp  (sign  extended),  OV,  CY 
If  new  (ACr)  =  0,  (PC)  <-  (PC)  +  1 

Description:  The  contents  of  register  ACr  are  replaced  by  the  sum  of  the  contents  of 
ACr  and  disp  (sign  bit  7  extended  through  bit  15).  The  initial  contents  of 
ACr  are  lost.  The  overflow  and  carry  flags  are  set  according  to  the  result  of 
the  operation.  If  the  new  contents  of  ACr  equal  zero,  the  contents  of  PC 
are  incremented  by  1 ,  thus  skipping  the  next  memory  location.  The  imme- 
diate operand  range  is  -128  to  +127. 


Complement  and  Add  Immediate  (CAI) 


15   1 

10 

9    1     8 

7     I           1 

1           1            ! 

1           1     0 

0 

1 

0 

1 

0 

0 

r 

disp 

Operation:       (ACr)  ■<-  ~  (ACr)  +  disp  (sign  extended) 

Description:  The  contents  of  register  ACr  are  complemented  and  then  added  to  disp 
(sign  bit  extended  through  bit  15).  The  result  is  then  stored  in  ACr.  The 
initial  contents  of  ACr  are  lost.  The  immediate  operand  range  is  -128  to 
+127.  Note  that  the  carry  and  overflow  flags  are  not  affected  by  this 
instruction. 


Register  Add  (RADD) 


Operation:       (ACdr)  ^  (ACsr)  +  (ACdr),  OV,  CY 

Description:  The  contents  of  the  destination  register  ACdr  (ACO,  1 ,  2,  or  3)  are  replaced 
by  the  sum  of  the  contents  of  ACdr  and  the  source  register  ACsr  (ACO,  1, 
2,  or  3).  The  initial  contents  of  ACdr  are  lost,  and  the  contents  of  ACsr  are 
unaltered.  The  overflow  and  carry  flags  are  set  according  to  the  result  of 
the  operation. 
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Register  Exchange  (RXCH) 


15   1 

1    12 

11    1    10 

9    1     8 

7 

6    1 

1           1 

1     2 

1     1     0 

0 

0 

1 

1 

sr 

dr. 

1 

NOT  USED 

0         0 

Operation:       (ACsr)  «- (ACdr),  (ACdr)  ^  (ACsr) 

Description:     The  contents  of  ACsr  (ACO,  1,  2,  or  3)  and  ACdr  (ACO,  1,  2,  or  3)  are 
exchanged. 


Register  Copy  (RCPY) 


15   1 

1 

1    12 

11   1    10 

9    1     8 

7 

6     1 

1           1 

1     2 

1 

0 

0 

0 

1 

1 

sr 

dr 

1 

NOT  USED 

0 

1 

Operation:       (ACdr)  ^  (ACsr) 

Description:  The  contents  of  the  destmation  register  ACdr  (ACO,  1 ,  2,  or  3)  are  replaced 
by  the  contents  of  the  source  register  ACsr  (ACO,  1,  2,  or  3).  The  initial 
contents  of  ACdr  are  lost,  and  the  initial  contents  of  ACsr  are  unaltered. 


Register  Exclusive  Or  (RXOR) 


15  1           1           1    12 

11   1    10 

9    1     8 

7 

6     (          11           12 

1     1     0 

0         0         11 

sr 

dr 

1 

NOT  USED 

1         0 

Operation:       (ACdr)  *-  (ACdr)  V  (ACsr) 

Description:  The  contents  of  the  destination  register  ACdr  (ACO,  1 ,  2,  or  3)  are  replaced 
by  the  result  of  exclusively  ORing  the  contents  of  ACdr  with  the  contents 
of  the  source  register  ACsr  (ACO,  1,  2,  or  3).  The  initial  contents  of  ACdr 
are  lost,  and  the  initial  contents  of  ACsr  are  unaltered. 


Register  And  (RAND) 

15   1  .        1  1    12   I    11   1    10   I     9    1     8  7 


1  1  I     2    I     1 


1  1 


dr 


NOT  USED 


1  1 


Operation:       (ACdr)  -«-  (ACdr)  A  (ACsr)  \ 

Description:  The  contents  of  the  destination  register  ACdr  (ACO,  1 ,  2,  or  3)  are  replaced 
by  the  result  of  ANDing  the  contents  of  ACdr  with  the  contents  of  the 
source  register  ACsr  (ACO,  1,  2,  or  3).  The  initial  contents  of  ACdr  are 
lost,  and  the  initial  contents  of  ACsr  are  unaltered.  \ 
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3.6.8       INPUT/OUTPUT,  HALT,  AND  FLAG  INSTRUCTIONS 

Seven  instructions  comprise  this  group,  summarized  in  table  3—1 1.  Three  word  formats  are  required  and  are  shown  in 
figure  3—10. 


Table  3-11.  Inpu  tjOu  tpu  t,  Halt,  and  Flag  Instructions 


Instruction 

Operation  Code 

Operation 

Assembler  Format 

Input/Output 
REGISTER  IN 

REGISTER  OUT 

000001000 
000001 100 

(AR)^ctl  +  (AC3); 
(ACO)-(-(IOREG) 

(AR)'e-ctl  +  (AC3); 
(IOREG)*-(AC0) 

RIN         ctl 
ROUT         ctl 

Halt 
HALT 

000000000 

Processor  halts. 

HALT 

Status  Flags 
PUSH  STATUS  FLAGS  ONTO  STACK 
PULL  STATUS  FLAGS  FROM  STACK 

000000001 
000000101 

(STK)  ^  (STATUS  FLAGS) 
(STATUS  FLAGS)  *-  (STK) 

PUSHF 
PULLF 

1 

Instruction 

Operation  Code 

Operation 

Assembler  Format 

OPl 

OP2 

Control  Flags 
SET  FLAG 
PULSE  FLAG 

00001 
00001 

0 

1 

fcset;  (AR)<-ctl 
fc  pulsed;  (AR)«-ctl 

SFLG         fc 
PFLG         fc 
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Input/Output  Instructions 


15   1           1           1           1          1           1           1           1     7 

6     1          1           1           1          1           10 

OP  CODE 

ctl 

Specifies  operation. 


Control  field.  The  value  of  ctl  represents  control  data  for 
input/output  operations. 


Specifies  operation. 


Status  Flag  and  Halt  Instructions 


15  !        1        1        1        !        1        1 

7 

6    1          1           1           1           1           10 

OP  CODE 

NOT  USED 

. 

Not  used.  These  bits  are  coded  to  zero  and  are  ignored  for  these 
instructions. 


Control  Rag  Instructions 


i5j \ L 


11 


OP  CODE  -  OP  1 


Sp>ecified  operation 
with  bit  7. 


10 


fc 


OP  2 


6    1  !  I  I  I  10 


ctl 


Control  field.  Designates  a  control  value  that  is  transferred 
to  AR  (address  register)  for  control  flag  instructions.  Bit? 
of  the  particular  instruction,  a  0  for  SFLG  and  a  1  for 
PFLG.  is  extended  through  bit  15.  and  this  extended 
field  is  transferred  to  bits  7  through  15  of  AR. 

OpCode  2.  Bit  7  with  bits  11  through  15  comprise  the  operation 
code  and  specify  the  operation. 

Flag  code.  Specifies  one  of  eight  flags  that  may  be  set  or  pulsed.  Flag  codes 
are  listed  in  table  3—13. 


Figure  3—10.  Input/Output,  Halt,  and  Flag  Instruction  Formats 
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Register  In  (RIN) 


15   1 

1 

1 

7 

6     1 

1           1          1 

1    0    1 

0 

0 

0 

0 

0 

1 

0 

0 

0 

ctl 

Operation:       (AR)  ^  ctl  +  (ACS),    (ACO)  ^  (lOREG) 

Description:  The  contents  of  AR  (address  register)  are  replaced  by  the  sum  of  ctl  and 
the  contents  of  ACS.  The  new  contents  of  AR  constitute  the  address  of  a 
peripheral  device  and  a  command,  both  of  which  are  received  by  the 
addressed  peripheral  device.  The  peripheral  device  responds  by  transferring 
the  contents  of  its  input/output  register  (lOREG)  to  the  processor  ACO. 


Register  Out  (ROUT) 


15  1 

1 

1 

1 

1     7 

6    1 

1          1          1 

1    0    1 

0 

0 

0 

0 

0 

1 

1 

0 

0 

ctl 

Operation:       (AR)  ^  ctl  +  (ACS),    (lOREG)  *- (ACO) 

Description:  The  contents  of  AR  (address  register)  are  replaced  by  the  sum  of  ctl  and 
the  contents  of  ACS.  The  new  contents  of  AR  constitute  the  address  of 
a  peripheral  device  and  a  command,  both  of  which  are  received  by  the 
addressed  peripheral  device.  The  processor  then  transfers  the  contents  of 
ACO  to  lOREG  in  the  peripheral  device. 


Halt  (HALT) 


15   1 

1 

7 

6     1 

1           1           1          1 

1     0    1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

NOT  USED 

Description:  The  processor  halts  and  remains  halted  until  the  START  input  makes  a 
transition  from  logic  "1"  to  "0."  A  switch  may  be  wired  to  this  input  such 
that  a  logic  "1"  is  applied  momentarily,  and  then  released  to  a  logic  "0" 
level,  thereby  providing  the  necessary  transition.  The  HALT  flag  is  set  by 
this  instruction,  and  it  remains  set  until  the  processor  comes  out  of  the 
halted  condition. 
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Push  Status  Flags  onto  Stack  (PUSHF) 


t5  1 

1 

1 

1 

1 

1 

7 

6    1 

1 

1            1            1 

1    0    1 

0 

0         0 

0 

0 

0 

0 

0 

1 

NOT  USED 

Operation:       (STK)  ^  (STATUS  FLAGS) 

Description:  The  contents  of  the  top  of  the  stack  STK  are  replaced  by  the  contents  of 
the  status  flags.  See  figure  3—11  for  the  configuration  of  processor  flags  on 
the  stack  and  table  3—12  for  processor  flag  definitions.  The  previous 
contents  of  the  top  of  the  stack  and  lower  levels  are  pushed  down  one 
level.  The  contents  of  the  lowest  level  of  the  stack  are  lost. 


Pull  Status  Flags  from  Stack  (PULLF) 


15  1 

1           1 

1 

1 

1 

1     7 

6    1 

1           1           1           1 

1    0    1 

0 

0 

0          0 

0 

0 

1 

0 

1 

"NOT  USED 

Operation:       (STATUS  FLAGS)  <-  (STK) 

Description:  The  contents  of  the  status  flags  are  replaced  by  the  contents  of  the  top  of 
the  stack  (STK).  See  figure  3—11  for  the  configuration  of  processor  flags 
on  the  stack  and  table  3—12  for  processor-flag  definitions.  The  previous 
contents  of  lower  levels  of  the  stack  are  pulled  up  by  one  level  with  zeros 
replacing  the  contents  of  the  lowest  level. 


15 

1  ^M 

13   1    12   1    11   1 

10   1     9 

8 

7 

1     6 

1     5 

4 

3 

2 

1 

1   0 

L 

ov 

FLAG 
CY       12       GF 

GF       GF 

GF 

GF 

GF 

GF 

GF 

GF 

GF 

GF 

FLAG 
0 

Bit  Positions 
Flags 


Figure  3-11.  Configuration  of  Status  Flags 

NOTE 

Status  flags  0  and  12  are  externally  available. 
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Table  3-12.  Status  Flags 


Bit  Position 

Flag  Name 

Mnemonic 

Significance 

15 

Link 

L 

Used  for  double-word  shifts 

14 

Overflow 

OV 

Set  if  an  arithmetic  overflow  occurs 

13 

Carry 

CY 

Set  if  a  carry  occurs  (from  most  significant 
bit)  during  an  arithmetic  operation 

12  through  0 

General-Purpose  Flags 

GF 



Use  specified  by  programmer 

Set  Flag  (SFLG) 

15   I  I  I  I    11   I    10  I  I     8  7  6 


J \ LA. 


fc 


ctl 


Operation:  FC  set,  (AR)  •<-  ctl  (bit  7  extended  through  bit  15;  that  is,  bits  8  through 
1 5  set  to  0) 

Description:  The  control  flag  designated  by  the  flag  code  FC  is  set.  The  contents  of  the 
address  register  AR  are  replaced  by  the  value  of  ctl.  Flag  codes  are  defined 
in  table  3—13. 


Pulse  Flag  (PFLG) 


15  1         1         1         Ml 

10  i           18 

7 

6     1          1          1           1           1           10 

0         0         0         0          1 

fc 

1 

ctl 

Operation:  FC  pulsed,  (AR)  •«- ctl  (bit  7  extended  through  bit  15;  that  is,  bits  8 
through  15  set  to  1) 

Description:  The  control  flag  designated  by  the  flag  code  FC  is  pulsed  (note  2  below). 
The  contents  of  the  address  register  AR  are  replaced  by  the  value  of  ctl. 
Flag  codes  are  defined  in  table  3—13. 


NOTE 

(1)  SFLG  and  PFLG  rgfer  to  control  flags  external  to  the  RALUs. 
These  flags  should  not  be  confused  with  the  RALU-internal  flags, 
which  are  referenced  by  PUSHF  and  PULLF. 

(2)  Pulsing  a  control  flag  sets  the  flag  at  T2  and  resets  it  at  T6  during 
the  same  microcycle.  The  flag  remains  reset  until  again  set  or 
pulsed. 

(3)  The  ctl  value  plus  the  extended  bit  7  through  bit  15  are 
transferred  to  the  AR  (address  register).  This  word  in  the  AR 
has  no  specified  use  and  may  be  used  as  desired  by  the  system 
programmer. 
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Table  3-13.  Control  Flag  Codes 


FC 

Flag  Mnemonic 

Significance 

000 
001 
DIG 
Oil 
100 
101 
110 
111 

F8 

INT  EN 
SEL 
Fll 

F12 
F13 
F14 
F15 

User  Specified 
Interrupt  Enable 
Select 

User  Specified 
User  Specified 
User  Specified 
User  Specified 
User  Specified 

NOTE:    The  flag  designated  by  the  flag  code  (fc)  is  set  or 
pulsed.  Only  control  flags  with  addresses  between  8 
and  1 5  may  be  accessed  with  these  instructions.  (The 
flag  address  is  8,  binary  1000,  greater  than  the  cor- 
responding flag  code,  FC.)  This  is  done  because  con- 
trol flags  with  flag  addresses  0  through  7  are  used  for 
various  input/output  operations  controlled  by  the 
processor,  and  are  not  usable  by  the  progranuner.  The 
SEL  flag  selects  between  CY  and  OV  for  output  on 
the  CYOV  line;  it  also  selects  the  LINK  bit  for 
inclusion  in  shift  and  rotate  operations. 

I 


3.7        EXTENDED  INSTRUCTION  SET 

An  extended  instruction  set  is  available  for  the  IMP-16C  in  the  form  of  a  second  CROM.  This  set  comprises  17 
instructions  divided  into  5  categories: 

•  Double-word  Arithmetic 

•  Load  and  Store  Byte 

•  Bit  Operations 

•  Interrupt  Handling  Operations 

•  Transfer  of  Control  Operations 

The  instructions  for  each  fiinctional  type  are  described  as  a  group.  For  each  instruction,  the  name  of  the  instruction, 
its  mnemonic,  its  word  format,  its  operation  in  the  form  of  an  equation,  and  a  succinct  explanation  of  its  operation  are 
given.  A  tabulated  summary  of  each  type  of  instruction  precedes  the  detailed  descriptions. 


i 


3.7.1        DOUBLE-WORD  MEMORY  ADDRESSING 

Six  of  the  seventeen  instructions  use  a  double-word  instruction  format.  These  instructions  use  direct  and  indirect 
addressing  exactly  as  described  in  3.4,  although  the  instruction  format  is  different  for  these  six  memory -reference 
instructions  from  that  described  in  3.4.  The  six  memory -reference  instructions  are  as  follows: 

•  MULTIPLY  (MPY) 

•  DIVIDE  (DIV) 
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•  DOUBLE  PRECISION  ADD  (DADD) 

•  DOUBLE  PRECISION  SUBTRACT  (DSUB) 

•  LOAD  BYTE  (LDB) 

•  STORE  BYTE  (STB) 

The  modified  format  (shown  in  figure  3—12)  is  a  double-word  instruction  format  with  a  16-bit  displacement  field. 
When  using  these  instructions,  all  of  memory  is  directly  addressable,  although  all  indexing  modes  may  still  be  used.  The 
addressing  modes  are  unchanged  from  those  indicated  in  table  3—1.  It  is  important  to  note  when  considering  PC  relative 
addressing,  that  the  PC  contains  the  address  of  the  displacement  word  of  the  instruction. 


Wordn 
Word  n+1 

15  1 

1           1           1 

1    10 

9    1     8 

7 

6     1           1    4 

3    i           110 

OP  CODE   1 

INDEX 
(xr) 

1 

OP  CODE  2 

NOT  USED 

15    1 

1           1           1 

1           1           1           1           1           1           1 

1           1           1     0 

Displacement  (disp) 

(Consecutive  memory  locations) 

Figure  3-12.  Double-  Word  Memory  Reference  Instruction  Format 


3.7.2       DOUBLE-WORD  ARITHMETIC  INSTRUCTIONS 

There  are  four  instructions  in  this  group.  These  are  summarized  in  table  3—14  and  then  individually  described.  The 
word  format  for  the  two  double-precision  instructions  is  shown  in  figure  3—13.  The  multiply  and  divide  instructions 
have  formats  as  shown  in  figure  3—13. 


Table  3-14.  Double-  Word  Arithmetic  Instructions 


Instruction 

Operation  Code 

Operation 

Assembler  Format 

OPl 

OPl 

DOUBLE  PREQSION  ADD 

000001 

1010 

(ACO),  (ACl)  ^(ACO),  (ACl)  +  (EA),  (EA+1); 
OV;CY;SEL'«-0 

DADD       disp(xr) 

DOUBLE  PRECISION  SUBTRACT 

000001 

1011 

(ACO),  (ACl)  ■«-  (ACO),  (ACl)  +  'V  (EA), 
'V  (EA+1)+  1;OV;CY;SEL^O 

DSUB        disp(xr) 

MULTIPLY  (MPY)  ((EA)  >  0) 

000001 

1000 

(ACO),  (ACl) ■<-(ACl)*(EA);SEL<-0;L  altered 

MPY          disp(xr) 

DIVIDE  (DIV)  ((EA)>0) 

000001 

1001 

(ACO)  <-  INTEGER  PART  OF 

[(ACO),  (ACl)-f(EA)]; 

(ACl)  <-  REMAINDER  OF 

[(ACO),  (ACl)  ^(EA)]; 

OV;SEL-*-0;L  altered 

DIV           disp(xr) 
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OpCode  1  (0P1).  Specifies  operation  with  OpCode  2  (0P2). 


Indexing  designator.  When  nonzero,  designates  index  register  whose 
contents  are  the  addend  for  address  calculation  (table  3—2). 

OpCode  2  (0P2).  Along  with  OpCode  1,  specifies  operation. 

Not  used.  Coded  to  zeros  and  ignored 
for  these  instructions. 


15  1 

1           1           1 

1     10 

9     i    8 

7     111 

^ 

3     111 

0     1 

OP  CODE  1 

xr 

OP  CODE  2 

NOT  USED 

15    1 

1           1           1 

1 

1           1           1           1           1 

1           1           1 

0    1 

Displacement  (disp) 

Displacement  Designates  direct  address  if  XR  field  is  00;  otherwise,  designates  augend  for  index  address 
calculation  (table  3-1).  Is  a  signed  16-bit  number. 


Figure  3- 1 3.  Double-Precision  (Double-  Word)  A  rithmetic  Instruction  Format 


Double-Precision  Add  (DADD) 


15 

1 

1 

1 

1    10 

9     1 

8 

7 

1 

1 

1     4 

3 

1           1           1 

0    1 

0 

0 

0 

0 

0 

1 

xr 

1 

0 

1 

0 

NOT  USED 

15 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1         J^       1 

0     1 

disp 

Operation:       (ACQ),  (ACl)  ^  (ACO),  (ACl)  +  (EA),  (EA+1);  OV;  CY;  SEL  ^  0 

Description:  The  double-precision  twos-complement  value  in  ACO  (high  order)  and 
ACl  (low  order)  is  added  to  the  double-precision  twos-complement  value 
in  EA  (high  order)  and  EA+1  (low  order),  and  the  result  is  stored  in  ACO 
and  ACl.  The  contents  of  EA  and  EA+1  are  unchanged.  The  overflow  or 
carry  flag  is  set  if  an  overflow  or  carry  occurs,  respectively;  otherwise, 
they  are  cleared.  The  select  flag  is  cleared. 
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Double-Precision  Subtract  (DSUB) 


15    1 

1 

1 

1 

1  ^0 

9 

1 

8 

7 

1 

1 

1    ^ 

3 

1           1           1 

0 

0 

0 

0 

0 

0 

,1 

xr 

1 

0 

1 

1 

NOT  USED 

15   1 

1 

1 

1 

1     1 

! 

1 

1 

1 

1 

1           1           1 

0     , 

disp 

Operation:       (ACO),  (ACl)^(ACO),  (ACl)  +  'V  [(EA),  (EA+1)]  +  1;0V;CY;SEL^  0 

Description:  The  double-precision  twos-complement  value  in  EA  (high  order)  and  EA+1 
(low  order)  is  subtracted  from  the  double-precision  twos-complement 
value  in  ACO  (high  order)  and  ACl  (low  order).  The  contents  of  EA  and 
EA+1  are  unchanged.  The  overflow  or  carry  flag  is  set  if  an  overflow  or 
carry  occurs,  respectively;  otherwise,  they  are  cleared.  The  select  flag  is 
cleared. 


Multiply  (MPY) 


15 

1 

1 

1 

1    10    1 

9     1     8         7 

1 

1 

1  4 

3 

1           1           1 

0 

0 

0 

0 

0 

0 

1 

xr              1 

0 

0 

0 

NOT  USED 

15    1 

1 

1 

1 

1     1 

1           1 

1 

1 

1     i 

1           1           1 

0     1 

disp 

Operation:       (ACO),  (ACl)  ^  (ACl)  *  (EA);  SEL  ^  0;  L  altered 

Description:  The  unsigned  integer  in  ACl  is  multiplied  by  tlie  positive  integer  in  the 
effective  memory  location  EA.  The  high-order  part  of  the  32-bit  result  is 
stored  in  ACO  and  the  low-order  part  is  stored  in  ACl.  The  previous 
contents  of  ACO  and  ACl  are  lost.  The  contents  of  EA  are  unaffected.  The 
select  flag  is  cleared.  The  link  flag  is  left  in  an  arbitrary  state. 
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Divide  (DIV) 


15  1 

1 

1 

1 

I  10 

9    1    8 

7 

1 

1 

1  * 

3 

1           1           1 

0     1 

0 

0 

0 

0 

0 

1 

xr 

1 

0 

0 

1 

NOT  USED 

15    1 

1 

1 

1 

1 

1       L 

1 

1 

1           1           1 

0     1 

disp 

Operation:       (ACO),  (ACl)  *-  (ACO),  (ACl)  ^  (EA);  OV;  SEL  ^  0;  L  altered 

Description:  The  positive  32-bit  integer  in  ACO  (high-order  part)  and  AC  1  (low-order 
part)  is  divided  by  the  contents  (a  positive  number)  of  the  effective 
memory  location  EA.  The  integer  quotient  is  placed  in  ACl  and  the 
remainder  in  ACO.  The  overflow  flag  (OV)  is  set  if  either  of  the  following 
occurs:  (1)  the  high-order  part  of  the  dividend  (initial  contents  of  ACO)  is 
greater  than  or  equal  to  the  divisor,  or  (2)  the  quotient  is  negative.  The 
select  flag  is  cleared.  The  link  flag  is  left  in  an  arbitrary  state.  The  contents 
of  EA  are  unchanged.  Division  by  zero,  an  illegal  operation,  falls  into 
case  I  above. 


3.7.3       BYTE  INSTRUCTIONS 

There  are  two  instructions  in  this  category;  both  are  double- word,  memory  reference  instructions.  They  are  summarized 
in  table  3—15  and  then  individually  described.  Their  word  format  is  shown  in  figure  3—13. 


Table  3-15.  Byte  Instructions 


Instruction 

Operation  Code 

Operation 

Assembler  Format 

DPI 

0P2 

LOAD  BYTE 

000001 

1100 

(Low-order  byte  of  ACO)  *-  byte  from  (EA  ^  2);  SEL  -^  0 

LDB       disp(xr) 

STORE  BYTE 

000001 

1101 

Byte  of  (EA  4-  2)  ^  (low-order  byte  of  ACO);  SEL  ^  0 

STB       disp(xr) 
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LOAD  BYTE  (LDB) 


15   1 

j 

1 

1 

1    10 

9     i     8 

7 

1 

1    ^ 

3 

1           i           1 

0     1 

0 

0 

0 

0 

0 

1 

xr 

1 

1 

0 

0 

NOT  USED 

15  1 

1 

1           1           1 

1 

1 

1           1           1 

0     1 

disp 

Operation:       Lx)w-orderbyte  of  (ACO) -^byte  from  (EA -^  2);  SEL  ^0 

Description:  The  low-order  byte  of  ACO  is  loaded  with  a  byte  from  (EA  -r  2).  If  the 
low-order  bit  of  EA  is  1,  the  low-order  byte  is  loaded;  otherwise,  the 
high-order  byte  is  loaded.  (Note:  EA  ^  2  is  the  effective  address  shifted 
right  one  position.)  The  high-order  byte  of  ACO  is  set  equal  to  zero.  The 
select  flag  is  cleared. 


STORE  BYTE  (STB) 


15    1 

1 

10 

9     1     8 

7 

1 

4 

3 

1           1           1 

0     1 

0 

0 

0 

0 

0 

1 

xr 

1 

1 

0 

1 

NOT  USED 

15    1 

1 

1 

1           1           1 

1 

1           1           1 

0     1 

disp 

Operation:       Byte  of  (EA  -^  2)  <-  low-order  byte  from  (ACO);  SEL  <-  0 

Description:  The  low-order  byte  of  ACO  is  stored  into  the  byte  of  (EA  -r  2)  specified 
by  the  low-order  bit  of  EA.  If  the  low-order  bit  is  1,  the  low-order  byte 
is  specified;  otherwise,  tlie  high-order  byte  is  specified.  (Note:  EA-r2  is 
the  effective  address  shifted  right  one  position.)  The  unspecified  byte  of 
EA  -i-  2  and  the  contents  of  ACO  are  unaffected.  The  select  flag  is  cleared. 


PROGRAMMING  NOTE 

The  effective  address  is  formed  by  adding  the  contents  of  the  index 
register  to  the  displacement  (EA  =  XR  +  DISP).  Byte  addresses  are 
formed  by  shifting  this  quantity  right  one  bit  position  (EA  -f  2  = 
[XR  +  DISP]  /2  =  XR/2  +  DISP/2).  Bit  0  of  the  EA  specifies  the  left 
byte  if  equal  to  1 ;  the  right  bit  if  equal  to  zero. 
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3.7.4       BIT  AND  STATUS  FLAG  INSTRUCTIONS 

There  are  seven  single-word  instructions  in  this  group.  They  are  summarized  in  table  3—16  and  then  described 
individually.  Their  word  formats  are  shown  in  figure  3—14. 


15 


11 


0         0         0  0         0 


10 


Bit  and  Status  Flag  Instructions 


J l__L 


OP  CODE  2 


Specifies  operation. 

Bit  or  flag  number.  Specifies  the 
number  of  flag  or  bit  to  be  operated 
on. 

OpCode  2  (OP2).  Along  with  OpCode  1 ,  specifies  operation. 

OpCode  1  (0P1).  Is  all  zeros  for  this  group  of  instructions.  Along  with  OpCode  2,  specif  ies  operation. 


Pull  and  Push  Status  Flag  Instructions 


15   1           1           1           1          1           1           1           1     7 

6     1           1           1           1           1           1    0 

OP  CODE 

NOT  USED 

Specifies  operation. 


Not  used.  These  bits  are  coded  to  zero  and  are  ignored 
for  these  instructions. 


Figure  3-14.  Bit  and  Status  Mag  Instruction  Formats 
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Table  3-16.  Bit  and  Status  Flag  Single-Word  Instructions 


Instruction 

OpCode  2 

Operation 

Assembler  Format 

SET  STATUS  FLAG 

1110000 

Status  Flag  n  ^  1 ;  SEL  *-  0 

SETST         n 

CLEAR  STATUS  FLAG 

1 1 10001 

Status  Flag  n  «- 0;  SEL-^O 

CLRST         n 

SET  BIT 

1110010 

ACOn  ^  1 ;  SEL  ^  0 

SETBIT        n 

CLEAR  BIT 

1110011 

ACOn  ^  0;  SEL  *-  0 

CLRBIT       n 

COMPLEMENT  BIT 

mono 

ACOn  ^~  ACOn;  SEL^O 

CMPBIT       n 

SKIP  IF  STATUS  FLAG  TRUE 

1110100 

IF  Status  Flag  n  =  1,  then  (PC)  ^  (PC)  +  1 ; 
SEL^O 

SKSTF         n 

SKIP  IF  BIT  TRUE 

1110101 

IF  ACOn  =  1 ,  then  (PC)  «-  (PC)  +  1 ; 
SEL^O 

SKBIT          n 

SET  STATUS  FLAG  (SETST) 


15 


J \ L 


11 


10 


1        1 


Operation:       Status  Flag  n  <^  1 ;  SEL  ^  0 

Description:     Bit  n  of  the  status  flag  register  is  set  true.  All  other  bits  are  unaffected. 
The  select  flag  is  cleared.  (0  <  n  <  1 5) 


CLEAR  STATUS  FLAG  (CLRST) 


15 

1 

1  " 

10   1 

1 

4 

3     1 

1 

1    0    1 

0 

0 

0 

0 

0 

1 

1 

1 

0 

0 

0 

1 

n 

Operation:       Status  Flag  n  ■«- 0;  SEL-^0 

Description:     Bit  n  of  the  status  flag  register  is  cleared.  All  other  bits  are  unaffected. 
The  select  flag  is  cleared.  (0  <  n  <  15) 
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SET  BIT  (SETBIT) 


15   1 

1 

1 

1  " 

10    , 

1 

1 

1 

1 

1 ' 

3  1 

1 

1   0    1 

0 

0 

0 

0 

0 

1       1 

1 

0 

0 

1 

0 

n 

Operation:       ACOn  -^  1 ;  SEL  ■«-  0 

Description:     Bit  n  of  ACO  is  set  true.  All  other  bits  are  unaffected.  The  select  flag  is 
cleared.  (0<n<15) 


CLEAR  BIT  (CLRBIT) 

15    I  1  I  1   11        10 


J I L 


0         0  0         0  0 


1  1  1  0  0        1  1 


Operation:       ACOn  ^  0;  SEL  -^  0 

Description:     Bit  n  of  ACO  is  cleared.  All  other  bits  are  unaffected.  The  select  flag  is 
cleared.  (0<n<15) 


COMPLEMENT  BIT  (CMPBIT) 


15   1 

1 

1 

1 11 

10  1 

1 

1 

1 

1  ^ 

3     1 

1 

1    0     1 

0 

0 

0 

0 

0 

1 

1 

1 

0 

1 

1 

0 

n 

Operation:       ACOn  ^  ~  ACOn;  SEL  -^  0 

Description:     Bit  n  of  ACO  is  complemented.  All  other  bits  are  unaffected.  The  select 
flag  is  cleared.  (0  <  n  <  1 5) 


SKIP  IF  STATUS  FLAG  TRUE  (SKSTF) 

15    I  I  I  I   11        10 


J I L 


J I L 


0         0  0         0  0 


1  110  10         0 


Operation:       IF  Status  Flag  n  =  1 ,  (PC)  ^  (PC)  +  1 ;  SEL  <-  0 

Description:     If  Status  Flag  n  is  true,  the  next  memory  location  is  skipped.  The  contents 
of  the  status  flags  are  unaffected.  The  select  flag  is  cleared. 
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SKIP  IF  BIT  TRUE  (SKBIT) 

15    1  I  I  1    11    1   10 


0  1'       1  1 


Operation:       IF  ACOn  =  1 ,  (PC)  ^  (PC)  +  1 ;  SEL  ^  0 

Description:     If  bit  n  of  ACO  is  true,  the  next  memory  location  in  sequence  is  skipped. 
The  contents  of  ACO  are  unaffected.  The  select  flag  is  cleared. 


PROGRAMMING  IMOTE 

Caution  should  be  taken  when  coding  a  skip  instruction  to  prevent  the 
skip  condition  from  jumping  into  the  displacement  field  of  a  double- 
word  instruction. 


3.7.5       INTERRUPT  HANDLING  INSTRUCTIONS 

There  are  two  instructions  in  this  group,  listed  in  table  3—17.  Their  word  format  is  shown  in  figure  3—15,  and  then 
described  in  succeeding  paragraphs. 


Table  3- 1 7.  Interrupt  Handling  Instructions 


Instruction 

Opcode  2 

Operation 

Assembler  Format 

INTERRUPT  SCAN 

1010001 

If(ACl)  =  0,  SEL-^0; 

If(ACl)^0,  SEL-«-0; 

ACl -f- [shift  ACl  right  1] 
until  1  shifted  out 

(AC2)  ^  (AC2)  +  number  of 
shifts;  (PC)  -^  (PC)  +  1 

ISCAN 

JUMP  INDIRECT  TO  LEVEL  0  INTERRUPT 

1010010 

(STK)^(PC);  (PC)^([120i6  +  displ) 

JINT       disp 

INTEN  ■<-  0 

Displacement  or  pointer.  Except  for 
Interrupt  Scan  (when  not  used),  is 
added  to  fixed  base  to  compute 
address  containing  jump  location. 

OpCode  2  {0P2).  Along  with  OpCode  1,  specifies  operation. 

OpCode  1  (0P1).  All  zeros  for  this  group  of  instructions.  Specifies  operation  along  with  OpCode  2. 


Figure  3-15.  Interrupt  and  Word  Jump  Formats 
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INTERRUPT  SCAN  (ISCAN) 


15    1 

1 11 

10   1 

1 

1 

^ 

3 

1           1           1 

°     1 

0 

0 

0 

0 

0 

1 

0 

1 

0 

0 

0 

1 

NOT  USED 

Operation:       If  ACl  =  0,  SEL  ^0; 
Else,        SEL-^O; 

( AC  1 )  -<-  (shift  AC  1  right  1 )  until  1  shifted  out ; 
.     (AC 2)  -«-  (AC2)  +  number  of  shifts; 
(PC)  ^  (PC)  +  1 

Description:  If  ACl  =  0,  the  select  flag  is  cleared  and  the  next  instruction  is  executed. 
If  ACl  f  0,  then  the  select  flag  is  cleared  and  ACl  is  shifted  right  until  a  1 
is  shifted  out  of  bit  0.  The  number  of  shifts  which  occurred  is  added  to  the 
contents  of  AC2.  The  next  memory  location  is  skipped. 


JUMP  TO  LEVEL  0  INTERRUPT,  INDIRECT  (JINT) 


15 

1 

1 

1  " 

10 

1 

1 

1 

1 

1  4 

3     1 

1 

1    0     1 

0 

0 

0 

0 

0 

1 

0 

1 

0 

0 

1 

0 

disp 

Operation:       (STK)  ^  (PC) ;  (PC)  ^  ( [  1 20i6  +  disp] ) ;  INTEN  ^  0 

Description:  The  contents  of  the  PC  are  pushed  onto  the  top  of  the  stack.  The  new 
contents  of  the  PC  are  set  equal  to  the  contents  of  the  memory  location 
whose  address  is  formed  by  adding  disp  to  120i6.  The  interrupt  enable  flag 
is  cleared. 


3.7.6       TRANSFER-OF-CONTROL  INSTRUCTIONS 

There  are  two  instructions  in  this  group,  summarized  in  table  3—18.  The  word  formats  are  depicted  in  figures  3—15  and 
3-16. 


Table  3-18.   Transfer-of -Control  Instructions 


Instruction 

0P2 

Operation 

Assembler  Fonnat 

JUMP  THROUGH  POINTER 

1010000 

(PC)^(100i6+disp) 

JMPP       disp 

JUMP  TO  SUBROUTINE  THROUGH  POINTER 

Olio 

(STK)  *-  (PC); 

(PC)  ^  (disp  +  IOO16) 

JSRP       disp 
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15 


.L_J L 


11 


^0  !        i        I 


OP  CODE  2 


6     I  i  I  I \ L 


disp 


Specifies  operation. 

Displacement  value.  Added  to  the  contents  of  100  is  to 
compute  address  containing  jump  location. 

Opcode  2  (0P2).  Specifies  operation  along  with  0P1. 

OpCode  1  (0P1).  All  zeros  for  this  instruction.  Specifies  operation  along  with  0P2. 


Figure  3-16.  Jump  to  Subroutine  Through  Pointer  Instruction  Format 


JUMP  THROUGH  POINTER  (JMPP) 


15  1           1           1           111 

10    1           1           1           1           1           14 

3     1           1           1    0 

0         0         0         0          0 

10          10         0         0         0 

disp 

Operation:       (PC) -^([10016)  + disp]) 

Description:     The  contents  of  the  PC  are  set  equal  to  the  contents  of  the  memory 
location  addressed  by  the  sum  of  the  contents  of  location  lOOig  and  disp. 


JUMP  TO  SUBROUTINE  THROUGH  POINTER  (JSRP) 


15    1 

1 

1 11 

10   1 

1 

1   ^ 

6     1 

1          i          1          1 

1     0     1 

0 

0 

0 

0 

0 

0 

1 

1 

0 

disp 



Operation:       (STK)^(PC),  (PC)^([100i6)+ disp]) 

Description:  The  program  counter  is  pushed  onto  the  top  of  the  stack.  The  new 
contents  of  the  PC  are  set  equal  to  the  contents  of  the  memory  location 
addressed  by  the  sum  of  the  contents  of  location  lOOig  and  disp. 
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Chapter  4 
CIRCUIT  DESCRIPTIONS 


This  chapter  treats  each  functional  block  of  the  IMP-16C  at  the  circuit  level,  explaining  the  circuit  operation  and  design 
configurations.  Functional  blocks  are  considered  individually,  and,  at  the  end  of  this  chapter,  figure  4-6,  an  overall 
schematic  diagram  of  the  IMP-16C,  is  presented  on  three  foldout  sheets.  These  should  be  referred  to  during  the  circuit 
descriptions  that  follow.  Each  circuit  described  is  shown  in  a  broken-line  enclosure  having  the  name  of  the  circuit. 

Figure  4-7  is  a  functional  block  diagram  of  the  IMP-16C  circuits  detailed  on  the  schematic  diagram  of  figure  4-6.  Most 
of  the  units,  the  data  flow,  and  the  control  functions  are  briefly  explained  in  chapter  2  with  reference  to  figure  2-1. 
The  clock  and  timing  circuits,  refresh  logic,  system  initialization,  and  jump/flag  timing  and  control  logic  are  further 
details  added  to  figure  4—7  so  it  corresponds  to  and  gives  an  exact  overview  of  the  actual  circuits  on  the  IMP-16C 
schematic  diagram.  The  sheet  number  given  in  each  functional  block  of  figure  4-7  refers  to  the  sheet  number  of  figure 
4—6  on  which  the  circuit  is  detailed. 

Figure  4-7  is  on  a  foldout  sheet  located  following  figure  4-6  so  it  may  be  readily  referenced  from  any  part  of  this 
chapter  or  as  a  quick  guide  to  the  schematic  diagram  of  figure  4—6. 

A  parts  list  and  a  component  layout  of  the  IMP-16C  card  are  presented  in  table  4-2  and  figure  4-8,  respectively. 
(Table  4-2  and  figure  4-8  are  located  on  page  4-17/18.) 

The  descriptions  that  follow  mention  one  CROM  in  the  text;  however,  all  discussions  also  apply  to  the  case  of  two 
CROMs. 


4.1         MASTER  CLOCK  AND  4-PHASE  CLOCK  GENERATORS  (Sheet  1,  figure  4-6) 

The  4-phase  clocks  required  for  the  CPU  devices  (one  CROM  and  four  RALUs)  are  generated  with  a  shift  register  and 
two  MH0026  clock  drivers.  The  master  clock  signal  is  generated  by  a  crystal  oscillator  circuit  made  from  a  DM101 16 
triple  Une  receiver  connected  as  an  amplifier  and  a  Schmitt  trigger  circuit.  Two  transistors,  Ql  and  Q2,  provide  level 
shifting  to  convert  from  ECL  levels  to  TTL  compatible  logic  signals. 

The  shift  register  DM74195  generates  four  clock  signals,  each  of  which  lasts  for  two  time  periods.  These  signals  are  then 
logically  gated  to  yield  the  odd  phases  that  drive  the  MH0026  clock  driver  devices.  The  MH0026  clock  drivers  are 
capable  of  driving  1000  pf  loads  with  rise  and  fall  times  of  20  ns.  The  typical  loading  by  the  CROM  and  the  RALUs  is 
215  pf  (45  pf  for  each  device).  The  resistors  in  the  output  lines  of  the  MOS  clock  drivers  damp  out  any  possible  clock 
overshoots  by  compensating  for  the  inductance  of  the  clock  lines. 

The  DM74195  shift  register  outputs  are  also  used  to  generate  some  of  the  other  timing  signals  required  in  accordance 
with  the  timing  diagrams  shown  in  figure  4—1.  These  signals  are  derived  by  gating  the  appropriate  shift  register  outputs 
with  various  combinations  of  the  master  clock  and  the  shift  register  input  clock. 

In  figure  4—1,  the  symbols  used  to  designate  clock  periods  have  the  following  significance:  the  numbers  following  the 
letter  C  denote  the  specific  time  period  for  which  the  signal  is  valid.  For  example,  C23  refers  to  a  clock  that  is  high 
during  T2  and  T3.  Similarly,  CLK81  refers  to  a  signal  derived  from  the  logical  AND  of  C81  and  CLK.  The  MOS  clocks 
and  phase  signals  that  drive  the  CPU  circuits  are  shown  in  figure  4—2. 
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Figure  4-1.  IMP-16C  Basic  Timing  Signals 
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Figure  4-2.  MOS  Oocks  and  Phase  Signals 
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4.2        MOS/LSI  CPU  LOGIC  (Sheets,  figure  4-6) 

The  CPU  consists  of  one  CROM  and  four  RALU  circuits  driven  by  the  4-phase  clocks.  Control  between  the  CROM  and 
the  RALUs  is  effected  over  the  NCB  (complemented  control  bus)  lines.  The  DI  (Data  In)  lines  to  the  CROM  serve  the 
purpose  of  entering  the  instruction  word  bib  7  through  15  into  the  CROM.  For  sending  out  a  4-bit  address  to  the 
Conditional  Jump  Multiplexer  and  the  Control  Flag  latches,  the  lines  JFAO  through  JFA3  (bidirectional  from  the 
CROM)  are  used.  The  jump  condition  signal  (NJCOND)  enters  the  CROM  at  the  same  pin  as  bit  7  of  the  instruction 
word.  The  CROM  has  a  flag  enable  signal'  (NFLEN)  that  may  be  pulsed  during  T2  to  set  a  particular  control  flag 
and/or  may  be  pulsed  at  T6  to  reset  the  flag  (figure  2—4). 

The  other  signals  that  go  to  and  come  from  the  CPU  indicate  various  status  conditions  and  also  perform  certain 
auxiliary  operations.  The  following  paragraphs  explain  these  functions. 

During  an  instruction  fetch,  bits  0  through  7  are  loaded  into  the  RALU  Memory  Data  Register  (figure  2—2),  and  bit  7 
of  the  instruction  word  is  extended  through  bit  positions  8  through  15  of  the  Memory  Data  Register.  In  this  way,  the 
signed  displacement  value  "disp"  discussed  in  chapter  3  is  extended  for  use  in  arithmetic  operations  for  forming 
memory  addresses  and  for  immediate  instructions.  The  SININ  signal  to  the  RALUs  accomplishes  the  sign  extension. 
For  the  two  low-order  RALUs  (1  and  2),  the  SININ  pins  are  permanently  connected  to  a  logic  0  (-12V).  For  the  two 
high-order  RALUs  (3  and  4),  where  bits  8  through  1 5  are  located,  the  SININ  pins  are  connected  to  the  bit  7  output  of 
the  Buffered  Data  Out  lines;  this  bit  7  is  used  in  the  two  high-order  RALUs  (3  and  4)  to  effect  the  sign  extension  of 
"disp"  of  the  instruction  word. 

The  STF  signal  indicates  a  "stack-full"  condition.  When  the  bottom  entry  of  the  stack  is  filled  with  nonzero  data,  the 
STF  hne  is  a  "1."  The  STF  hnes  of  all  RALUs  are  tied  together  and  connected  to  the  Conditional  Jump  Multiplexer  to 
allow  testing  for  the  stack-full  condition.  A  similar  scheme  is  used  to  detect  a  zero-result  condition  with  the  NREQO 
signal.  The  NREQO  lines  are  tied  together  for  all  the  RALUs;  the  NREQO  signal  is  a  "0"  if  the  R-bus  is  zero  as  a  result 
of  the  preceding  machine  cycle. 

During  T7  and  T8,  CSH3  and  CSHO  are  used  to  transfer  shift  data:  for  a  left  shift,  the  most  significant  bit  is  shifted  out 
over  CSH3,  and  the  least  significant  bit  is  shifted  in  by  CSHO;  for  a  right  shift,  the  converse  is  true. 

Each  RALU  has  four  status  flags,  which  are  interfaced  to  the  A-  and  R-buses.  This  provides  a  convenient  means  of 
saving  status  after  an  interrupt  and  for  setting  the  status  flags.  For  all  except  the  most  significant  RALU  (4),  the  status 
flags  are  general  purpose  and  may  be  used  for  a  variety  of  functions,  depending  on  the  application  requirements.  For 
the  most  significant  RALU  (4),  the  status  flags  have  the  following  functions: 

LINK  Flip-Flop.   When  the  SEL  input  to  the  RALU  is  "1,"  the  Link  Flag  (L)  is  included  in  shift 
operations. 

OVERFLOW  Flag.  When  enabled  (under  control  of  the  CROM),  the  Overflow  Flag  (OV)  is  set  if  an 
arithmetic  overflow  occurs  during  an  add  operation. 

CARRY  Flag.  When  enabled  (under  control  of  the  CROM),  the  Carry  Flag  (CY)  is  set  to  the  value  of 
the  carry  bit  out  of  the  most  significant  ALU  bit  after  an  add  operation  (figure  2—2). 

FLAG  Flip-Flop.  This  flag  is  available  for  general-purpose  use. 

These  status  flags  may  be  loaded  from  the  R-bus  or  stored  onto  the  A-bus  under  control  of  the  Save/Restore  Flag 
(SVRST)  input;  this  is  used  by  the  CROM  to  implement  the  PUSHF  and  PULLF  instructions.  The  output  of  the 
general-purpose  Flag  is  available  at  the  Flag  output  pin;  Carry  and  Overflow  Flags  are  available  at  CYOV.  The  Select 
Flag  (SEL)  input  is  used  to  select  the  Carry  or  Overflow  for  output  on  CYOV  and  to  determine  whether  the  Link  (L) 
is  included  in  shift  operations  (discussed  in  chapter  3).  General-purpose  flags  0  and  1 2  are  brought  out  to  terminals  on 
the  IMP-16C  edge  connector  as  signals  FLAGO  and  FLAG12.  The  next  section  describes  the  flag  logic  circuits. 


1  -  The  prefix  "N"  to  a  signal  name  denotes  logical  complementation  in  the  MOS/LSI  CROM  and  RALUs.  For  signals  generated  external 
to  these  units,  an  asterisk  {*)  suffixed  to  the  signal  name  denotes  complementation. 
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4.3        CONTROL  FLAGS  AND  CONDITIONAL  JUMP  MULTIPLEXER  LOGIC  (Sheet 2,  figure 4-6) 

External  to  the  CPU  portion  of  the  IMP-16C  is  the  logic  required  to  set  and  reset  the  control  flags  and  to  select  one  of 
16  jump  conditions. 

The  flag  addresses  sent  out  by  the  CROM  are  latched  to  keep  tliem  stable;  this  is  done  with  a  DM9322  multiplexer 
connected  as  a  latch  by  feeding  the  outputs  back  to  the  second  set  of  inputs.  (This  particular  technique  has  been  chosen 
here  because  the  DM9322  has  less  propagation  delay  than  conventional  DM7475  or  DM74175  latches.)  The  CROM  sends 
out  the  flag  addresses  at  Tl;  these  are  latched  in  the  DM9322  device  during  the  latter  half  of  Tl  by  the  signal  CLK81. 

The  latched  addresses  are  then  used  to  select  one  of  16  jump  conditions  in  a  DM8219  16-to-l  multiplexer.  The 
complemented  flag  enable  signal  (NFLEN),  v/hich  is  low  at  T2  and  then  again  at  T6,  enables  the  selection  of  a  flag  in 
one  of  the  two  DM9334  8-bit  addressable  latch  devices.  The  data  to  the  addressable  latches  comes  from  the  signal 
C8123,  which  provides  a  logic  "1"  when  NFLEN  is  low  at  T2  and  a  logic  "0"  when  NFLEN  is  low  again  atT6.  This 
allows  setting  and  resetting  of  the  flags  (figure  2—4)  under  control  of  NFLEN  at  T2  and  T6,  respectively. 

The  output  of  the  TRI-STATE  DM8219  device  is  tied  directly  to  the  jump  condition  (NJCOND)  input  of  the  CROM. 
This  is  the  line  that  is  tested  during  conditional  jump  operations;  the  testing  is  done  during  T2  (figure  2—4).  The  START 
and  JC12  through  JC15  inputs  are  user-supplied  signals  and  could  be  asynchronously  generated.  Thus,  in  order  to  ensure 
that  the  logic  levels  for  these  signals  are  stable  during  T2,  synchronizing  latches  are  provided. 

The  various  conditions  that  can  be  tested  are  hardwired  to  the  conditional  jump  multiplexer  according  to  table  3—8  in 
chapter  3.  Four  user-assigned  jump  conditions  and  six  user-assigned  control  flag  Hnes  are  brought  out  to  pins  on  the 
edge  connector. 

The  more  significant  8  of  the  16  control  flags  may  be  set  using  tlie  SFLG  instruction  and  cleared  or  pulsed  using  the 
PFLG  instruction;  the  assignments  of  these  flags  (F8,  INT  EN,  SEL,  and  Fll  through  F15)  are  listed  with  their  flag 
codes  (FCs)  in  table  3—13.  The  SEL  control  flag  affects  shift  operations  as  described  in  3.6.6,  and  also  selects  CY  or  OV 
for  output  on  the  CYOV  line  (see  table  3—8).  The  less  significant  8  flags  are  affected  by  the  CROM-resident 
microprograms.  The  assignment  of  these  flags  is  hsted  in  table  4—1. 


Table  4- 1.  Control  Flags  Affected  by  Microprogram 


Flag  Number 

Signal  Name 

Function 

0 

RDM 

Read  Memory 

1 

WRM 

Write  Memory 

2 

RDP 

Read  Peripheral 

3 

WRP 

Write  Peripheral 

4 

CPINP 

Control  Panel  Input  Flag 

5 

SVRST 

Save/Restore  Status  Flags 

6 

LDAR 

Load  Address  Register 

7 

HLT 

Set  by  HALT  Instruction 

4.4         INPUT  MULTIPLEXER,  DATA  BUFFER,  AND  ADDRESS  LATCHES  (Sheets,  figure 4-6) 

The  16-bit  bidirectional  data  bus  from  the  RALU  devices  is  used  to  transfer  all  information  between  the  CPU  and 
memory  and  peripheral  units.  This  bus  is  buffered  by  passing  all  output  signals  through  a  set  of  TRI-STATE  DM8095 
hex-buffer  circuits. 
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Input  data  destined  for  the  CPU  are  passed  through  a  set  of  input  multiplexers  such  that  data  from  a  memory  or 
peripheral  unit  may  be  switched  in.  The  TRI-STATE  DM8123  multiplexers  are  controlled  by  RDM,  the  read  memory 
flag  (delayed  until  T7  because  data  may  be  accepted  into  the  CPU  only  at  T7,  as  shown  in  figure  2—4). 

During  T7,  the  data  lines  are  used  for  input  t6  the  RALU  from  system  memory  or  peripheral  devices.  The  data  receivers 
are  "zeros  catching,"  so  the  data  lines  must  not  be  allowed  to  go  negative  during  T7  unless  the  data  input  is  to  be  a  zero. 
Because  of  this  zeros  catching  feature,  the  strobe  signal  for  input  data  (DISTR*)  is  generated  such  that  it  occurs  during 
the  latter  half  of  T7;  this  ensures  that  the  data  bits  will  be  strobed  in  only  when  it  is  assured  that  they  are  stable. 

When  the  data  bus  is  sending  out  an  address  during  read  and  write  operations,  the  address  is  stored  in  a  register  consisting 
of  four  DM8551  quad-D  flip-flops.  These  address  lines  are  brought  out  to  terminals  on  the  edge  connector  to  be  used 
for  addressing  peripheral  devices  and  add-on  memory.  Data  from  the  RALU  are  sent  out  during  part  of  T3  and  all  of  T4 
(figure  2—4)  and  are  clocked  into  the  latch  if  the  RDM  and  the  LDAR  flag  is  set.  The  RDM  and  LDAR  flags  are  pulsed 
(set  at  T2  and  reset  at  T6)  during  memory  read  and  write  operations.  The  outputs  of  the  DM855 1  devices  may  be 
disabled  by  logically  controlling  the  ODIS  line.  If  ODIS  is  taken  to  a  logic  "1,"  the  bus  is  disabled. 


4.5         RE ADMRITE  AND  READ-ONLY  MEMORIES  (Sheet 4,  figure 4-6) 

When  executing  a  memory  read  operation,  the  processor  sends  out  an  address  on  the  RALU  data  input/output  bus; 
this  address  starts  coming  up  during  T3,  and  it  is  assured  of  being  valid  during  T4.  In  the  IMP-16C,  the  address  is 
strobed  into  a  latch  at  T4.  If  the  processor  is  used  with  slow  memories  whose  access  times  are  longer  than  the  interval 
between  T4  and  T7,  it  is  necessary  to  stretch  a  clock  period  to  allow  for  the  slow  access.  For  this  purpose,  the  circuit 
clock  phase-4  stretcher  (sheet  1 ,  figure  4—6)  is  used  to  extend  T4  for  an  additional  two  periods. 

During  read  and  write  operations,  a  clock  hold  signal  (HCLK)  is  developed  during  C3.  The  timing  relations  are  given  in 
figure  4—3.  This  signal  sets  a  flip-flop  output  (HOLD)  such  that  a  count-by-four  circuit  is  enabled.  After  four  counts  of 
the  master  clock,  the  HOLD  flip-flop  is  shut  off.  The  delay  provided  by  the  counter  circuit  is  used  to  inhibit  phase  4  of 
the  clock  generator  circuit. 
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Figure  4-3.  Timing  Relations  for  Gock  Hold  Function 


On-board  address  decoding  for  the  memory  is  arranged  such  that  address  bit  15  controls  the  selection  of  the  read-write 
and  read-only  memories.  Bits  9  tlirough  14  are  ignored.  Thus,  if  bit  15  is  a  logic  "1"  the  ROMs  are  selected,  and  if 
bit  15  is  a  logic  "0"  the  RWM  is  selected.  If  it  is  desired  to  change  this  arrangement  or  to  use  add-on  memory,  external 
address  decoding  must  be  done  and  appropriate  signals  supplied  to  the  CSO,  CSl,  and  CS2  pins  of  the  IMP-16C.  This 
option  is  explained  in  chapter  9. 
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4.6         INTERRUPT  HANDLER  (Sheet  1,  figure  4-6) 

The  IMP-16C  interrupt  facility  is  handled  through  the  conditional  jump  multiplexer  inputs.  Two  interrupt  inputs  are 
provided.  One  is  directly  wired  to  the  Conditional  Jump  Multiplexer  and  responds  to  a  specific  interrupt  by  jumping  to 
a  microprogram  subroutine  designed  for  control  panel  interrupts,  as  described  in  chapter  6.  The  other  interrupt  is  a 
general  interrupt  input  (INTRA),  which  can  be  wired  to  the  user's  interrupting  device.  The  processing  of  interrupts  is 
described  in  chapter  6. 

The  flip-flop  output  (INT-Ql)  is  set  high  whenever  an  external  interrupt  (INTRA)  or  a  stack-full  signal  (STFL)  is  true 
simultaneously  with  the  interrupt  enable  (INTEN)  flag.  INT-Ql  is  wired  to  the  interrupt  input  of  the  conditional  jump 
multiplexer.  The  interrupt  processing  microprogram  resets  the  interrupt  enable  (INTEN)  flag  to  zero  to  disable  any 
further  interrupts,  and  control  is  transferred  to  the  instruction  stored  in  location  1  of  main  memory.  The  stack-full  line 
is  also  wired  to  the  jump  condition  multiplexer  to  permit  testing  for  stack-full  interrupts.  If  STFL  causes  such  an 
interrupt,  the  bottom  enlry  of  the  hardware  stack  is  lost.  In  anticipation  of  this,  the  user  can  put  a  dummy  word  in  the 
stack  during  his  program  initialization  sequences. 

See  6.3  for  an  explanation  of  the  CPINT  (Control  Panel  Interrupt)  function. 


4.7        SYSTEM  INITSALIZATSON  (Sheet  1,  figure 4  -6) 

During  startup,  the  IMP-16C  is  initialized  so  all  the  sequential  logic  is  conditioned  to  known  logic  states.  There  are  two 
aspects  to  initialization:  startup  of  the  TTL  logic  and  initialization  of  the  CPU  MOS/LSI  devices. 

The  Sysiem  Initialization  circuit  shows  the  startup  logic  required  for  the  TTL  clocks.  When  power  comes  on,  the  output 
of  flip-flop  (INIT*)  is  forced  to  a  logic  "0"  (independent  of  th*^  state  of  the  SYSCLR*  input)  by  the  RC  timing  circuit. 
Because  this  signal  goes  to  the  Clear  inputs  of  all  the  other  flip-flops  in  the  clock-generator  circuit,  the  system  starts  up 
in  a  cleared  condition.  The  system  may  also  be  cleared  at  any  other  time  by  grounding  the  SYSCLR*  input. 

When  the  System  Clear  signal  (SYSCLR*)  goes  high,  INIT*  comes  up  after  a  delay  of  a  few  hundred  milliseconds  (time 
constant  R10C5).  At  this  time,  all  the  system  clocks  are  enabled.  For  systems  that  do  not  have  external  initialization, 
the  SYSCLR*  input  should  be  left  continuously  at  a  logic  "1." 

Startup  for  the  MOS  parts  is  achieved  by  controlling  the  application  of  the  -12-volt  supply.  The  CPU  MOS/LSI 
devices  receive  -12  volts  from  the  SVGG  (switched  VGG)  line.  This  voltage  must  be  turned  on  a  few  milliseconds 
before  the  clocks  are  started.  During  turn-off,  the  clocks  are  kept  on  for  a  few  milliseconds  after  SVGG  goes  off.  The 
timing  relationship  between  SVGG  and  the  Power-On  Condition  (POC)  signal  in  the  System  Initialization  circuit  is 
shown  in  figure  4—4. 

Figure  4—5  is  a  recommended  circuit  that  may  be  used  to  effect  system  reinitialization  to  clear  the  CPU  MOS/LSI 
devices  without  shutting  down  other  circuits  on  the  IMP-16  card.  This  circuit  is  not  on  earlier  versions  of  the  IMP-16C 
card  and  would  have  to  be  user-supplied  and  connected  to  the  SVGG  terminal  pin  (sheet  2,  figure  4—6).  All  IMP-16C 
cards  with  the  part  number  551 1962  have  the  initialization  circuit  on  board. 

If  a  special  reinitialization  circuit,  such  as  discussed  above,  is  not  supplied,  the  SVGG  pins  on  the  IMP-16C  card-edge 
connector  should  be  connected  to  the  —12-volt  supply.  With  tliis  latter  setup,  reinitialization  is  effected  by  turning  off 
power  to  the  IMP-16C  for  at  least  5  seconds  and  then  turning  it  on  again. 
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Figure  4-5.  Circuit  for  Powering  Up  CPU  MOS/LSI  Devices 
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Figure  4-6.  IMP-16C Schematic  Diagram 
(sheet  1  of  4) 
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ENGINEERING  DIAGRAMS  SUPPLIED  WITH  IMP-16C  SHOULD  BE  REFERENCED. 
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Figure  4-6.  IMP-  16C  Schematic  Diagram 
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Figure  4-6.  IMP- 16C Schematic  Diagram 
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Figure  4-7.  IMP-1 6C  Functional  Block  Diagram 
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Figure  4-8.  IMP-16C  Card,  Component  Layout 
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FOR  DEVICES  THAT  ARE  REMOVABLE,  A  LARGE  DOT  INDICATES  THE  LOCATION  OF  P 

ODD-NUMBERED  PINS  ARE  LOCATED  ON  COMPONENT  SIDE. 

EVEN-NUMBERED  PINS  ARE  LOCATED  ON  SOLDER  SIDE, 

PREFIX  X  DENOTES  SOCKET. 

LOCATIONS  X4C,  X4D.  X4E,  X4F  AND  X7C  HAVE  SOCKETS  ONLY; 

THESE  COMPONENTS  TO  BE  INSERTED  BY  CUSTOMER. 


INFORMATION  ON  THIS  DIAGRAM  IS 
SUBJECT  TO  CHANGE  WITHOUT 
NOTICE,   ENGINEERING  DIAGRAMS 
SUPPLIED  WITH  IMP-16C  SHOULD 
BE  REFERENCED. 


Figure  4   8.   {MP-16C  Card,  Component  Layout 
4-19/20 


Chapters 
INPUT/OUTPUT  OPERATIONS 


5.1         INPUT/OUTPUT  INSTRUCTIONS 

Input/output  operations  are  carried  out  with  the  RIN  (Register  In)  and  ROUT  (Register  Out)  macroinstructions.  Func- 
tionally, they  are  similar  to  the  LOAD  and  STORE  instructions  in  that  they  address  a  particular  device  and  initiate  data 
exchanges.  The  effective  address  of  an  input/output  device  is  determined  by  the  sum  of  the  contents  of  Accumulator  3 
(ACS)  and  the  7-bit  control  field  of  the  RIN  or  ROUT  instruction.  Timing  for  these  instructions  is  shown  in  figure  5-2. 


15   1           1           1           1           1           1           1           1     7 

6     1           I           1     3 

2     1            10 

OPTIONAL  ADDRESS  FIELD 

DEVICE 
ADDRESS 

ORDER 

Control  field  (ctl) 
Figure  5-1.  Input/Output  Word  Format 


Sixteen  bits  are  available  for  address  and  command  codes.  Although  a  number  of  schemes  are  possible,  the  one  described 
here  has  proved  useful  for  many  applications.  The  low-order  3  bits  may  be  used  to  define  an  input/output  "order,"  and 
bits  3  to  6  are  the  device  addresses  (figure  5—1).  Each  peripheral  device  decodes  the  address  field  of  the  input/output 
instruction  command,  and  if  the  Read  Peripheral  or  the  Write  Peripheral  flag  is  active,  the  device  will  respond.  The  3 
"order"  bits  permit  eight  possible  auxiliary  operations  for  each  input/output  class;  for  example,  these  orders  may  be 
read  data,  read  status,  reset  device,  rewind  tape,  backspace,  write  data,  and  so  on.  The  assignment  of  the  various  orders 
is  left  to  the  systems  programmer. 

The  4  bits  of  the  device  address  field  permit  direct  addressing  of  16  devices;  however,  by  loading  Accumulator  3  (which 
is  added  to  bits  0  to  6  of  the  instruction)  with  a  16-bit  value  before  executing  a  RIN  or  ROUT  instruction,  up  to 
65,536  addresses  may  be  specified. 


5.2        DATA  TRANSFER  TO  PERIPHERAL  DEVICES 

Peripheral  device  data  may  be  accessed  by  the  Read  Peripheral  and  Write  Peripheral  control  flags  in  conjunction  with 
the  peripheral  device  address.  Actual  transfer  of  data  is  effected  by  the  RIN  and  ROUT  instructions  during  T7  (input) 
and  T4  (output),  respectively  (figure  2—4).  Peripheral  device  control  may  be  carried  out  by  using  the  order  field  of  the 
instruction  (figure  5—1)  or  by  dedicating  a  general-purpose  control  flag  to  a  peripheral  device  control  function,  which 
can  then  be  controlled  by  use  of  the  SFLG  and  PFLG  instructions.  Similarly,  peripheral  device  status  can  be  sensed  by 
issuing  an  order  to  read  status  over  the  data  bus,  or  by  dedicating  one  of  the  general-purpose  user  jump  conditions  to 
this  function  and  using  the  BOC  instruction.  (The  control  flags  and  jump  condition  inputs  can  actually  be  used  to 
implement  a  very  low-cost  serial-data  interface  without  using  the  data  bus  at  all.) 

The  functions  performed  as  a  result  of  an  input/output  command  vary.  For  example,  a  read  peripheral  order  to  a 
magnetic  disc  typically  initiates  a  block  transfer  of  information.  In  contrast,  a  similar  order  to  a  Teletype  typically 
executes  the  transfer  of  a  single  character. 
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The  use  of  input/output  instructions  is  best  illustrated  by  an  example.  Consider  the  case  of  reading  in  characters  from  a 
serial  Teletype  unit  and  transmitting  them  back  immediately  (echoing).  The  following  program  segment  will  do  this 
effectively.  The  first  few  comment  lines  define  the  input/output  orders  for  the  Teletype  unit.  It  is  assumed  that  the 
Teletype  is  sending  data  serially  over  the  line  corresponding  to  bit  15. 


Instruction 


Comment 


DEFINE  I/O  ORDERS. 
5  =  RESET 

2  =  READ  DATA 

4  =  ENABLE  TTY  PAPER  TAPE  READER 

3  =  WRITE  DATA 

TTYAD  =  TTY  ADDRESS  IN  BIT  3-6 
CI  =  1  (BRANCH  IF  ACO  =  0) 
START:    LI  3,  TTYAD  LOAD  AC3  WITH  ADDRESS  OF  TTY. 

ROUT  5;  RESET  TELETYPE  (ORDER  FIELD  =  5). 

LI  2,  8  SET  COUNT  FOR  8  BITS. 

READ:      ROUT  4;  ENABLE  TTY  READER 

RIN  2;  READ  IN  TTY  DATA 

BOC  C2,  .+2;  TEST  FOR  START  BIT;  C2  REFERS  TO  ACO  =  0. 

JUMP  READ;  READ  DATA  AGAIN  (UNTIL  START  BIT  FOUND). 

JSR  DELAY;  START  BIT  FOUND;  DELAY  FOR  PROPER  TIMING. 

INPUT:     ROUT  3;  SEND  BIT  TO  PRINTER. 

JSR  DELAY;  DELAY  ROUTINE  TO  TIME  OUT  1  BIT 

RIN  2;  READ  TTY  DATA. 

SHR  0,  1;  SHIFT  DATA  ONE  POSITION. 

AISZ  2,  -1;  TEST  TO  SEE  IF  DONE 

JMP  INPUT;  NOT  DONE;  READ  MORE  DATA. 


DELAY: 


START  OF  DELAY  SUBROUTINE 


MICRO- 
CYCLES 


RDM 


LDAR 


START  OF  INSTRUCTION 
FETCH     I 


START  OF 

NEXT  INSTRUCTION 


1 


J 


ADX 


X 


INSTRUCTION  ADDRESS 


PERIPHERAL 
DEVICE  ADDRESS 


RDP{FOR  RIN) 

or  WRP  (FOR  ROUT) 


(NOT  TO  SCALE) 


FOR  ROUT,  (ACO)— BDO  ATT4 
FOR  RIN,  SW-— (ACO)  AT  T7 


-H 


Figure  5-2.   Timing  Sequence  for  RIN  and  ROUT  Instructions 
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Chapter  6 
INTERRUPT  SYSTEM 


The  IMP-16C  system  recognizes  one  level  of  interrupt  in  its  present  configuration.  A  general  interrupt  request  is  initiated 
by  the  Interrupt  Request  Signal  (INTRA)  to  the  Interrupt  Handler  (sheet  1,  figure  4—6).  Also  provided  is  a  control 
panel  interrupt  input  (CPINT).  The  workings  of  both  types  are  described  below. 


6.1         GENERAL  INTERRUPT 

A  peripheral  device  (or  any  external  condition)  may  send  an  interrupt  request  to  the  IMP-16C  over  the  INTRA  line.  If 
the  Interrupt  Enable  Flag  is  set  (that  is,  no  other  interrupt  currently  being  serviced),  then  the  interrupt  request  is  latched 
in  a  flip-flop  and  awaits  service.  During  the  next  instruction  fetch  cycle,  the  processor  resets  the  Interrupt  Enable  Flag 
(INTEN)  and  transfers  control  to  location  1  in  main  memory.  At  the  same  time,  the  PC  value  is  saved  on  the  stack. 

The  instruction  in  location  1  of  main  memory  typically  would  be  the  start  of  an  interrupt  service  routine  or  a  jump  to  a 
service  routine.  In  the  IMP-16C,  the  stack  overflow  condition  causes  an  interrupt  on  the  same  hne.  The  interrupt  service 
routine  can  detect  this  type  of  interrupt  by  using  a  Branch-On  Condition  (BOC)  instruction  with  cc  =  8  (stack  full). 
The  interrupt  sequence  is  best  illustrated  by  an  example. 


6.2        EXAMPLE  OF  INTERRUPT  REQUEST  AND  SERVICE 

The  case  considered  here  is  that  of  a  real-time  clock  that  provides  interval  timing  by  sending  timed  interrupts  to  the 
processor.  The  hardware  for  this  feature  would  consist  of  a  presettable  counter  that  raises  a  status  signal  after  it  has 
counted  through  its  sequence.  This  signal  can  be  used  as  an  interrupt  request. 

As  an  example  of  the  use  of  this  timer,  consider  an  apphcation  where  it  is  desired  to  sample  a  waveform  at  regular 
intervals.  The  real-time  clock  can  be  used  to  generate  interrupts  at  these  intervals,  and  a  processing  subroutine  can  read 
the  contents  of  an  analog-to-digital  converter  driven  by  the  waveform  under  test.  The  following  program  segment  shows 
how  this  can  be  done.  The  clock  is  assumed  to  use  bit  0  on  the  data  bus  to  signal  its  status.  This  signal  is  also  wired  to 
the  general  interrupt  request  line.  The  interrupt  status  of  the  clock  is  read  over  bit  0  of  the  data  bus  by  issuing  a  READ 
STATUS  order.  (Note  that  other  devices  could  use  other  bits  of  the  data  bus  to  respond  to  this  order  simultaneously. 
The  data  bits  may  then  be  tested  to  determine  devices  that  are  requesting  interrupt  service.) 

The  first  few  lines  of  the  program  are  comments  that  describe  the  various  order  codes  and  addresses  assigned  to  the 
real-time  clock  and  the  A/D  converter.  The  remaining  lines  of  the  program  segment  perform  operations  according  to  the 
requirements  above;  the  comments  serve  to  annotate  the  program. 
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Label 


Instruction 


Comment 


LOCI:                             JMP 
MAIN  PROGRAM  FOLLOWS: 
SFLG 

INTR: 

1; 

LI 
ROUT 

3,  RTC; 

2; 

INTERRUPT  SEQUENCE  FOR  REAL-TIME 

CLOCK  AND  WAVEFORM  SAMPLER 

RTC  =  ADDRESS  OF  REAL-TIME  CLOCK 

Abe  =  ADDRESS  OF  A/D  CONVERTER 

2  =  START  CLOCK  Q/O  ORDER) 

1  =  READ  DATA  ORDER 

0  =  READ  INTERRUPT  STATUS  ORDER 

C3  =  3;  CC  FOR  BIT  0  OF  ACO  =  1 

CLOCK  INTERRUPT  STATUS  HAS  BEEN  ASSIGNED  BIT  0  ON  BUS 

Tins  INSTRUCTION  IS  IN  LOCATION  X'OOOl 

ENABLE  INTERRUPT  SYSTEM 


LOAD  AC3  WITH  CLOCK  ADDRESS 
START  TIMER  ON  CLOCK 


SERVICE  ROUTINE  FOLLOWS: 
INTR:  LI  3,  0; 

RIN  0; 

BOC  C3,  CLKINT; 


CLEAR  AC3  BEFORE  EXECUTING  RIN 

READ  DATA  BUS  TO  CHECK  INTERRUPTING  DEVICE. 

BRANCH  TO  CLOCK  SERVICE  IF  BIT  0  =  1. 


CLOCK  SERVICE  ROUTINE  FOLLOWS: 

CLKJNT: 


LI 

3,  RTC; 

ROUT 

2; 

LI 

3,  ADC; 

RIN 

1; 

JSR 

SAMPLE; 

RTI 

9 

LOAD  AC3  WITH  CLOCK  ADDRESS 

RESTART  TIMER 

LOAD  ADDRESS  OF  A/D  CONVERTER 

READ  ADC  DATA. 

GO  TO  DATA  SAMPLE  PROCESSING  SUBROUTINE. 

RETURN  FROM  INTERRUPT. 


CONTINUE  PROCESSING  OF  OTHER  INTERRUPTS. 


SAMPLE: 


START  OF  ROUTINE  TO  PROCESS  DATA  FROM  A/D  CONVERTER. 


6.3        CONTROL  PANEL  INTERRUPT 

The  1MP-16C  microprogram  allows  a  high-priority  interrupt  to  be  indicated  on  the  CPINT  line.  Since  this  interrupt  is 
useful  for  implementing  a  "program-controlled"  control  panel,  it  is  called  the  Control  Panel  Interrupt;  it  may,  of 
course,  be  used  for  otlier  purposes.  If  CPINT  is  active,  the  processor  pulses  flag  CPINP,  reads  the  data  bus  at  T7  of 
the  same  microcycle,  and  responds  as  if  the  data  were  an  instruction.  The  CPINT  input,  therefore,  can  be  used  to  force 
a  jump  to  some  reserved  location  by  "jamming"  an  instruction  on  the  data  Unes.  This  may  be  used  to  cause  a  branch  to 
a  control  panel  service  routine  or  to  provide  vectored  interrupts.  By  forcing  the  bus  to  send  in  all  zeros,  the  CPINT 
feature  may  be  used  to  incorporate  a  single-step  feature,  by  causing  the  CPU  to  halt  after  the  execution  of  one 
instruction. 
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6.4        MULTILEVEL  INTERRUPTS 

It  is  possible  to  use  the  IMP-16C  for  multilevel  interrupt  service  by  use  of  the  RALU  general-purpose  status  flags.  Tvi/o 
of  these  (FLAGO  and  FLAG! 2)  are  available  at  the  card-edge  connectors  for  this  purpose  (or  other  applications  where 
it  is  desirable  to  save  status).  These  flags  may'be  used  as  interrupt  enable  flags  for  two  individual  levels;  they  can  be 
modified  through  use  of  the  PUSHF,  PULLF,  PULL,  and  PUSH  instructions.  A  typical  arrangement  that  makes  use 
of  the  available  INTRA  input  is  shown  in  figure  6—1.  (The  general-purpose  control  flags  could  also  be  used  for  this 
purpose,  but  their  state  cannot  readily  be  preserved  on  the  stack  as  can  the  status  flags.) 


EXTERNAL  LOGIC 


MP-16C 

FLAG  0 


TO  INT  FLIP-FLOP 


FLAG  12 


NS00139 


Figure  6-1.   Use  of  INTRA  Input 


The  processor  responds  to  inputs  on  the  interrupt  request  lines  that  are  labeled  INTREQl  and  INTREQ2  in  figure  6—1. 
Several  devices  may  be  "wire-ORed"  to  each  of  these  interrupt  request  lines.  If  any  device  generates  an  interrupt 
request,  the  line  will  go  high  and  interrupt  the  processor  if  that  level  of  interrupt  is  enabled.  There  is  a  separate  interrupt 
enable  flag  for  each  of  the  two  interrupt  levels  (labeled  INTENl  and  INTEN2)  and  a  master  interrupt  enable  (labeled 
INTEN)  for  all  levels  plus  the  stack  overflow  interrupt.  The  interrupt  enable  flags  for  each  individual  level  are  part  of 
the  CPU  status  flags,  and,  as  mentioned  above,  they  can  be  modified  by  use  of  the  PUSHF,  PULLF,  PULL,  and  PUSH 
instructions.  The  INTEN  flag  is  one  of  the  IMP-16C  control  flags.  It  is  modified  by  use  of  the  Set  Flag(SFLG)  and  the 
Pulse  Flag  (PFLG)  instructions. 

The  availability  of  several  different  interrupt  levels  provides  a  convenient  means  of  controlling  interrupts  for  devices  of 
different  priority  in  a  system  with  a  number  of  peripherals.  When  only  one  interrupt  request  Hne  is  used,  the  interrupt 
service  program  must  issue  an  order  to  each  device  of  lower  priority  than  the  one  being  serviced  to  reset  the  lower 
priority  interrupt  enable  flags  on  the  peripheral  controllers.  This  could  be  very  time  consuming  in  a  system  with  many 
peripherals.  In  a  system  with  several  interrupt  levels,  all  devices  of  like  priority  are  tied  to  the  same  interrupt  request 
line.  For  all  devices  on  an  individual  level  that  have  a  common  interrupt  enable  flag  at  the  processor,  the  interrupt 
enable  flag  can  disable  all  devices  on  that  level  simultaneously.  When  an  interrupt  occurs,  lower  priority  levels  are 
therefore  disabled  in  a  minimum  amount  of  time. 

The  interrupt  handling  process  is  summarized  by  the  following.  When  the  processor  responds  to  an  interrupt  request, 
it  performs  the  following  tasks  in  order  to  transfer  program  control  to  the  interrupt  service  routine: 

•  Checks  the  type  of  interrupt;  if  caused  by  CPINT,  jumps  to  CPINT  service  routine. 

•  Transfers  the  contents  of  the  Program  Counter  (PC)  to  the  top  of  the  stack. 

•  Places  the  address  of  memory  location  1  into  the  PC. 
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•  Disables  (clears)  the  processor's  Interrupt  Enable  (INTEN)  flag  to  prevent  further  interrupt. 

•  Fetches  and  executes  the  next  instruction  from  memory  location  1 ,  thus  initiating  the  interrupt 
service  routine. 

The  CPINT  service  routine  does  the  following: 

•  Pulses  the  CPINP  flag,  thereby  indicating  that  a  control  panel  interrupt  is  active. 

•  Reads  the  data  bus  and  treats  the  incoming  data  as  an  instruction  to  be  executed. 
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Chapter? 
CONTROL  PANEL  AND  4K-BY-16  MEMORY 


The  IMP-16C  is  self-contained  for  controller  applications.  However,  for  some  general-purpose  applications,  a  control 
panel  may  be  needed  or  convenient  to  have  for  debugging,  verifying  operation,  troubleshooting,  and  other  operator- 
controlled  uses.  Also,  additional  memory  capacity  may  be  required,  and  this  is  available  in  the  National  Semiconductor 
4K-by-16  random  access  memory  modules. 


7.1         CONTROL  PANEL  OPERATION 

The  simplest  control  panel  for  use  with  the  IMP-16C  is  one  that  is  serviced  by  software  and  has  a  minimum  of  extra 
components.  Such  a  panel  would  consist  of  a  set  of  16  data  switches,  16  indicator  lights,  and  a  few  active  function 
switches.  These  are  represented  schematically  in  figure  7—1.  The  Light-Emitting  Diode  (LED)  devices  are  driven  by  a  set 
of  DM7475  latches  that  are  strobed  by  a  WRITE  PERIPHERAL  flag  pulse;  in  this  mode,  the  lights  are  considered  to 
be  an  output  device. 

The  spare  jump  condition  multiplexer  inputs  on  the  IMP-16C  may  be  tied  to  active  switches  on  the  control  panel.  These 
switches  may  be  used  for  controlling  operations  such  as  Load  Address,  Load  Data,  Execute,  Display  Data,  and  others. 

A  software  service  routine  that  resides  in  main  memory  can  scan  these  switches  using  the  Branch-On  Condition  (BOC) 
instruction.  If  any  switch  is  active,  an  appropriate  service  action  may  be  initiated.  The  following  program  segment  is  an 
example  of  such  a  routine.  It  assumes  that  jump  conditions  12,  13,  and  7  are  wired  to  switches  that  cause  Load 
Address,  Load  Data,  and  Execute  operations  to  occur.  This  simple  example  assumes  that  there  is  no  peripheral  address 
decoding;  all  input/output  operations  are  activated  by  READ  PERIPHERAL  and  WRITE  PERIPHERAL  control 
flags  as  commanded  by  RIN  and  ROUT  instructions. 


C12  =  12 
C13  =  13 
C7     =  7 
=X'FFFE 

JMP  BEGIN 


LOAD  ADDRESS  CONDITION. 
LOAD  DATA  CONDITION. 
EXECUTE 

ASSEMBLER  DIRECTIVE  TO  PLACE  NEXT  INSTRUCTION 
AT  LOCATION  XTFFE. 


Program  continues  on  page  7-3. 
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BEGIN: 

LA: 

OUT: 
LD: 


EX: 


BOC 

CI 2,  LA 

BOC 

CI  3,  LD 

BOC 

C7,  EX 

JMP 

BEGIN 

BOC 

CI 2,  LA 

RIN 

RCPY 

0,  2 

ROUT 

JMP 

BEGIN 

BOC 

C13,  LD 

RIN 

ST 

0,(2) 

ROUT 

AISZ 

2,  1 

JMP 

BEGIN 

HALT 

BOC 

C7,  EX 

RIN 

RCPY 

0,  2 

JMP 

(2) 

WAIT  LOOP  TO 
SCAN  PANEL 
FUNCTION  SWITCHES. 

SWITCH  "DEBOUNCER". 
READ  SWITCHES. 
SAVE  ADDRESS  IN  AC2. 
DISPLAY  ADDRESS. 
RETURN  TO  WAIT  LOOP. 

READ  SWITCHES. 

STORE  DATA  IN  ADDRESSED  LOCATION. 

DISPLAY  DATA. 

INCREMENT  ADDRESS. 

RETURN  TO  WAIT  LOOP. 

END  OF  ADDRESS  RANGE. 

READ  SWITCHES. 

JUMP  TO  STARTING  ADDRESS. 


The  program  above  is  an  example  of  how  the  jump  condition  inputs  can  be  used  to  scan  external  conditions  and/or 
requests. 


7.2    DYNAMIC  MEMORY  INTERFACE 

A  circuit  has  been  provided  on  the  IMP- 1 60  card  to  enable  interfacing  with  the  National  Semiconductor  4K-by-16 
dynamic  memory  modules.  This  circuit  consists  of  logic  that  can  receive  memory  refresh  request  and  send  out  appro- 
priate refresh  orders  and  read/write  cycle  initiate  signals.  The  refresh  logic  appears  on  the  IMP-16C  schematic  diagram 
(figure  4—6)  but  is  repeated  in  simplified  form  in  figure  7—2. 

FROM  CLOCK  HOLD 
CIRCUIT 
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Figure  7-2.  Refresh  Logic  for  Dynamic  Memory 
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The  4K-by-16  memory  requires  a  refresh  cycle  of  1  /is  duration  every  60  us.  The  IMP-16C  makes  a  memory  reference 
during  every  fetch  operation  and  a  few  other  times  in-between,  depending  on  the  instruction  being  executed.  If  the 
processor  is  busy  during  a  read  or  write  operation,  the  memory  waits  for  a  refresh  cycle  until  the  processor  is  free.  The 
refredi  request  signal  (RFREQ)  is  gated  into  the  circuitry  at  T4.  If,  at  this  time,  a  memoiy  read/write  is  not  requested, 
an  RFSH  signal  is  sent  to  the  memory;  otherwise,  a  Memory  Cycle  Initiate  (CI)  signal  is  sent  to  memory.  Timing  for 
memory  read  and  write  operations  is  given  in  figure  7—3. 

The  memory  option  is  provided  in  the  form  of  a  jumper-connectable  circuit.  If  used,  jumper  padsW4  and  W5  may  be 
connected  to  any  two  of  the  unused  pins  on  the  edge  connector  of  the  IMP-16C. 

If  add-on  memory  is  attached  to  the  IMP-16C,  the  user  must  be  aware  that  the  added  capacitive  loading  will  slow  down 
the  memory  access  time.  Typically,  if  more  than  8K  of  additional  memory  is  used,  the  clock  periods  must  be  stretched 
to  provide  extra  time.  This  may  be  done  using  the  external  hold  input  which  is  described  in  chapter  9. 
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Chapters 
SYSTEM  VERIFICATION 


8.1         INTRODUCTION 

The  IMP-16C  is  a  large-scale  integrated  (LSI)  processor  consisting  of  several  components  from  different  logic  families 
and  types.  As  such,  the  proper  functioning  of  the  IMP-16C  is  dependent  on  the  interfacing  and  timing  between  the 
various  components.  In  order  to  facilitate  hardware  debugging,  a  brief  system  verification  procedure  is  described  in  this 
chapter  to  aid  users  in  the  understanding  of  the  system. 

For  system  verification,  the  IMP-16C  may  be  divided  into  four  distinct  partitions: 

•  Timing  and  Clocks  ' 

•  MOS  CPU  Logic 

•  Control  Flags  and  Logic 

•  Data  Buses 


8.2        TIMING  AND  CLOCKS 

When  the  system  is  started  with  the  initialization  sequence  described  in  chapter  4,  the  system  initialize  signal  (INIT*) 
enables  all  the  timing  signals.  The  clocks  start  with  phase  1  and  generate  all  the  other  auxiliary  timing  signals.  Figure 
8—1  shows  all  the  clock  signals  and  their  timing  relationships.  After  it  has  been  verified  that  the  MOS  clocks  are  being 
generated  properly,  the  MOS  CPU  logic  can  be  checked  out. 


8.3        MOS  CPU  LOGIC 

If  the  system  is  functioning  properly,  the  CPU  executes  instructions  stored  in  external  memory  or  executes  an  instruc- 
tion(s)  from  a  switch  register.  In  either  case,  if  instructions  are  being  executed,  the  CROM  cycles  through  repeated 
FETCH  operations.  By  monitoring  the  CROM  ENCTL  line  (see  sheet  2,  figure  4—6),  this  fact  can  be  verified.  The 
ENCTL  line  is  high  between  T2  and  T7  of  every  cycle  immediately  preceding  a  fetch  (except  for  multiple  shift/rotate 
operations).  If  the  number  of  microcycles  between  successive  ENCTL  pulses  is  counted  for  each  instruction  and  checked 
against  table  A— 1  in  appendix  A,  then  it  can  be  assumed  that  at  least  most  of  the  CROM  circuits  are  functioning  (see 
figure  8-2). 

If  the  system  is  being  used  with  some  form  of  control  panel  (as,  for  example,  the  one  described  in  chapter  7),  then  the 
RALU  can  be  checked  out  by  outputting  register  values  to  a  set  of  display  lights. 


8.4        CONTROL  FLAGS  AND  LOGIC 

Another  convenient  test  point  for  system  verification  is  the  Read  Memory  (RDM)  flag.  This  flag  is  pulsed  between  T2 
and  T6  during  every  fetch  operation.  If  operation  of  the  CROM  has  been  verified,  then  this  flag  should  come  up 
properly  (figure  8—2). 
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Figure  8-2.  Microcycle  Timing  Sequence  for  JSR  Instruction 


The  data  buses  can  be  checked  out  by  the  following: 

•  Reading  in  some  switch  values  and  seeing  if  they  appear  on  the  bus  data  output  lines. 

•  Checking  the  address  register  to  see  if  the  data  bus  value  is  being  latched  during  T4  when  the  RDM 
flag  is  up. 


8.6        DIAGNOSTIC  PROGRAMS 

The  IMP-16C  card  may  be  checked  out  functionally  with  the  use  of  special  diagnostic  programs  stored  in  four  electrically 
programmable  ROMs  (or  PROMs).  They  may  be  used  for  system  verification  by  inserting  them  in  the  read-only  memory 
sockets  in  the  card  and  observing  the  various  status  indications  provided  by  the  program.  The  diagnostic  routines  are 
designed  to  exercise  all  parts  of  the  CPU  for  proper  operation.  These  programs  are  available  as  an  option  (IMP-16F/501). 


8.7        OPERATING  PROCEDURES 

For  the  proper  functioning  of  the  IMP-16C  in  a  system  environment,  the  following  points  should  be  observed  carefully. 

(1)  If  any  of  the  following  signal  lines  to  the  IMP-16C  is  not  used,  it  should  be  tied  to  a  logic 
"0"  (ground)  level: 

(a)  Any  unused  jump  conditions  (JC12  through  JC15;EXEC) 

(b)  General  interrupt  line  (INTRA) 

(c)  Control  Panel  interrupt  line  (CPINT) 

(2)  If  the  output  disable  feature  of  the  address  bus  is  not  used,  the  ODIS  line  should  be  tied  to  a 
logic  "0"  (ground)  level. 

(3)  An  interrupt  control  input  (INTCTL)  is  provided  for  externally  enabling  the  interrupt  system. 
For  normal  operation,  this  line  sliould  be  tied  to  the  interrupt  enable  (INTEN)  provided  by  the 
CPU.  If  the  system  environment  is  such  that  the  interrupt  system  is  not  used  at  all,  the  INTCTL 
input  should  be  tied  to  a  logic  "0." 

(4)  If  slow  memories  are  used  (access  times  in  excess  of  850  ns),  additional  clock  stretching  must  be 
provided  by  the  user  (see  chapter  9). 

(5)  On  the  IMP-16C/200  and  300  cards,  the  circuit  that  suppUes  the  switched  -12  volts  (SVGG)  is 
part  of  the  card  itself;  therefore,  no  external  — 12-volt  SVGG  should  be  connected  to  pins  11 
and  12  of  the  card. 
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Chapter  9 
USER    OPTIONS 


Several  user-defined  options  are  available  on  the  basic  IMP-16C  card.  These  options  pertain  to  system  timing,  bus 
selection,  and  memory  management;  these  are  implemented  by  removable  jumper  connections  on  the  IMP-16C/200  and 
IMP-16C/300  cards. 


9.1         EXTERNAL  CLOCK  HOLD 

An  external  input  (EXHOLD)  is  provided  so  the  user  may  supply  his  own  clock  hold  signal.  If  this  input  is  used,  jumper 
W6  should  be  removed.  When  using  this  feature,  care  must  be  taken  to  synchronize  the  external  signal  with  the  timing 
of  the  processor.  This  is  done  by  making  sure  that  the  generated  hold  signal  comes  up  in  the  middle  of  the  time  slot 
preceding  the  phase  being  stretched.  Similarly,  at  the  end  of  tlie  hold  period,  the  signal  must  be  released  at  least  50  ns 
before  the  start  of  the  next  time  slot.  See  figure  8—1  for  this  type  of  timing  relationship. 


9.2        INPUT  BUS  SELECTiOM 

The  input  bus  structure  of  the  IMP-16C  is  arranged  such  that  memory  data  and  peripheral  data  are  multiplexed  under 
control  of  the  delayed  read-memory  fSag  (RDM— Ql).  It  is  possible  to  change  this  multiplexing  operation  by  disabling 
the  RDM— Ql  signal  (removing  jumper  W7)  and  supplying  an  externally  generated  signal  on  the  DSLCT  input.  The  user 
may  wish  to  do  this  in  case  his  system  requirements  call  for  a  common  input  bus  for  peripheral  devices  and  any  add-on 
memory. 


9.3        ADDRESS-BUS  DISABLE 

The  address  bus  on  the  IMP-16C  (ADXOO  through  ADX15)  may  be  placed  in  a  TRI-STATE  mode  by  taking  the  GDIS 
input  to  a  logic  "1"  level.  This  feature  allows  the  forcing  of  external  addresses  on  the  bus  without  CPU  intervention. 
During  normal  operation,  the  GDIS  line  is  at  a  logic  "0"  level. 


9.4        MEMORY  MANAGEMENT 

As  mentioned  in  chapter  4  (section  4.5),  the  on-board  memory  is  controlled  by  address  bit  15.  If  it  is  desired  to  change 
this  method  of  decoding  or  to  add  on  additional  memory,  the  user  may  remove  jumpers  Wl,  W2,  and  W3  and  supply 
externally  generated  decoding  via  input  lines  CSO,  CSl,  and  CS2,  To  illustrate  this,  two  examples  are  given  below. 

Example  1 :  If  it  is  desired  to  add  on  more  read-write  memory  to  make  a  total  of  4K  words  in  the 
address  space  0— 4K,  then  remove  jumper  Wl  and  provide  a  signal  at  CSO  that  is  a  logic  "0"  when 
(and  only  when)  ADX08-ADX15  are  all  logic  "0."  This  vwll  enable  the  first  256-word  block  of 
memory  that  is  on  the  IMP-16C  card. 

Example  2:  If,  for  example,  36K  of  memory  were  required,  then  remove  Wl,  W2,  and  W3.  CSO  would 
be  generated  exactly  as  in  example  1.  CSl  would  have  to  be  a  logic  "0"  when  ADX09— ADX15  are  all 
logic  "1"  with  ADX08  a  logic  "0,"  and  CS2  would  have  to  be  a  logic  "0"  when  ADX08-ADX15  are 
all  logic  "1." 
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9.5        MEMORY  ACCESS  T!ME 

The  addition  of  extra  memory  to  the  IMP-16C  will  increase  the  capacitive  loading  on  the  system,  so  appropriate 
allowances  must  be  made  for  access  time  degradation.  The  clock-hold  circuit  on  the  IMP-16C  is  designed  to  permit 
access  times  up  to  850  ns.  For  longer  access  times,  the  external  clock-hold  option  should  be  used  (see  9.1). 
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Appendix  A 
SUMMARY  OF  INSTRUCTIONS 


Table  A- 1.  IMP-16C  Basic  Instruction  Set  (Executed  by  CROM  I) 


Memory 

Memory 

Instruction 

Mnemonic 

Execution  Cycles 

Read 
Cycles 

Write 
Cycles 

Memory  Reference  Instructions 

Load 

LD 

5 

2 

— 

Load  Indirect' 

LD 

5 

3 

— 

Store 

ST 

6 

1 

1 

Store  Indirect' 

ST 

8 

2 

1 

Add 

ADD 

5 

2 

— 

Subtract 

SUB 

5 

2 

— 

Jump 

JMP 

3 

1 

— 

Jump  Indirect' 

JMP 

5 

2 

— 

Jump  to  Subroutine 

JSR 

4 

1 

— 

Jump  to  Subroutine  Indirect' 

JSR 

6 

2 

— 

Increment  and  Skip  if  Zero 

ISZ 

7,8  if  SKIP 

2 

1 

Decrement  and  Skip  if  Zero 

DSZ 

8,9  if  SKIP 

2 

1 

Skip  if  AND  is  Zero 

SKAZ 

6,7  if  SKIP 

2 

— 

Skip  if  Greater 

SKG 

Like  Signs:      8,9  if  SKIP 
Unlike  Signs;  9,10  if  SKIP 

2 

— 

Skip  if  Not  Equal 

SKNE 

6 

2 

— 

And 

AND 

5 

2 

— 

Or 

OR 

5 

2 

- 

Register  Reference  Instructions 

Push  on  to  Stack  Register 

PUSH 

3 

— 

Pull  from  Stack 

PULL 

3 

— 

Add  Immediate,  Skip  if  Zero 

AISZ 

4,5  if  SKIP 

— 

Load  Immediate 

LI 

3 

— 

Complement  and  Add  Immediate 

CAI 

3 

- 

Register  Copy 

RCPY 

6 

- 

Exchange  Register  and  Top  of  Stack 

XCHRS 

5 

— 

Exchange  Registers 

RXCH 

8 

— 

Register  And 

RAND 

6 

— 

Register  Exclusive  Or 

RXOR 

6 

— 

Register  Add 

RADD 

3 

— 

Shift  Left 

SHL 

4  +  3K 

— 

Shift  Right 

SHR 

4  +  3K 

— 

Rotate  Left 

ROL 

4  +  3K 

— 

Rotate  Right 

ROR 

4  +  3K 

— 

1  -  The  symbol  @  must  precede  the  designation  of  the  memory  location  whose  contents  become  the  effective  address  by 
indirection. 
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Table  A-1.  IMP-16C  Basic  Instruction  Set  (Continued) 


Memory 

Memory 

Instruction 

Mnemonic 

Execution  Cycles 

Read 

Write 

Cycles 

Cycles 

Input/Output,  Flag,  and  Halt  Instructions 

Set  Flag 

SFLG 

4 

— 

Pulse  Flag 

PFLG 

4 

- 

Push  Flags  on  Stack 

PUSHF 

4 

— 

Pull  Flags  from  Stack 

PULLF 

5 

— 

Register  In 

RIN 

7 

— 

Register  Out 

ROUT 

7 

— 

Halt 

HALT 

- 

- 

— 

Transfer  of  Control  Instructions 

Branch-On  Condition 

BOC 

4,5  if  branch 

1 

— 

Return  from  Subroutine 

RTS 

4 

1 

— 

1        Return  from  Interrupt 

RTI 

5 

1 

- 

Jump  to  Subroutine  Implied 

JSRI 

4 

1 

— 

Execution  Time  =  (E  +  0.25R  +  0.25W)  T 

where 

E  =  number  of  execution  cycles 

R  =  number  of  memory  read  cycles 

W  =  number  of  memory  write  cycles 

T  =  time  for  one  microcycle 

The  0.25  factor  for  the  read  and  write  cycles  is  included  because  the  main  clocks  are  stopped  for  two  periods  during 
read  and  write  operations  with  memory.  If  the  clock-stop  feature  is  not  used,  then  there  is  no  overhead  for  the  read/ 
write  operations;  hence  0.25  may  be  replaced  by  0.  For  the  shift  and  rotate  instructions,  K  refers  to  the  number  of 
positions  shifted  or  rotated. 

As  an  example  of  the  use  of  the  formula,  let  T  =  1 .4  microseconds;  then,  a  load-instruction  execution  would  take 

(5  +  0.50)  1.4  =  7.7  microseconds 

A  store-instruction  execution  would  take 

(6  +  0.25  +  0.25)  1.4  =  9.09  microseconds 
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Table  A- 2.  IMP-1 6C  Extended  Instruction  Set  (Executed  by  CROM II) 


Instruction 

-    Mnemonic 

Execution  Cycles 

Memory 
Read 
Cycles 

Memory 

Write 
Cycles 

Multiply 

MFY 

106  to  122 

3 

Divide 

DIV 

125  to  159 

3 

Double,  Precision  Add 

DADD 

12 

4 

- 

Double  Precision  Subtract 

DSUB 

12 

4 

.  - 

Load  Byte 

LDB 

2a  (left) 
12  (right) 

4 

— 

Store  Byte 

STB 

24  (left) 
17  (right) 

4 

1 

Set  Status  Flag 

SETST 

17  to  36 

- 

Clear  Status  Flag 

CLRST 

17  to  36 

- 

Skip  If  Status  Flag  True 

SKSTF 

19  to  39 

- 

Set  Bit 

SETBIT 

15  to  34 

- 

Clear  Bit 

CLRBIT 

15  to  34 

- 

Complement  Bit 

CMPBIT 

15  to  34 

- 

Skip  If  Bit  True 

SKBIT 

19  to  39 

- 

Interrupt  Scan 

ISCAN 

9  to  80 

- 

Jump  Indirect  to  Level  Zero  Interrupt 

JINT 

7 

2 

- 

Jump  Through  Pointer 

JMPP 

7 

3 

- 

Jump  to  Subroutine  Through  Pointer 

JSRP 

8 

3 
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Appendix  B 
FORMAT  OF  INSTRUCTIONS 


A  summary  of  the  instruction  types  and  their  assembler  language  formats  is  given  below  for  reference.  A  more-detailed 
breakdown  of  the  instruction  codes  is  shown  in  the  next  table;  it  is  suitable  for  hand-coding  small  programs. 


Instruction  Type 

Register  to  Register 

Register  to  Memory 
Memory  Reference  (Class  1 ) 
Memory  Reference  (Class  2) 
I/O  and  Miscellaneous 
Branch 
Control  Flags 


Memory  Reference 
(Double  Word) 


Machine  Format 


I     I     I 


OP  sr 


dr 


OP 


I     i     I     I 


NOT  USED        OP 


1  1  1  1  1 

1          M     t     1     1     1     1 

OP 

r                       di^ 

1     1     1 

1 

! 

i    1    M    i    1    1 

OP 

r 

xr 

disp 

OP 


xr 

J_l 


I     I     I     I     11     I 


disp 


I    I   I    I    I    I    M 


OP 


I    I    I    I    I    I 


ctl 


I     I     I 


OP 


I     I      I 


disp 


0P1 


fc 


I     I     '     I      I 


ctl 


1    !    t     S    1 

i      1  1 

III! 

OP 

xr           OP 

NOT  USED 

M    I    I    I    I    I    I     M    I    I    8    I    I 

disp 


Explanation  of  Symbols 

Op  —  Instruction  Mnemonic 

OP  —  Operation  Code 

sr     —  Source  Register  Value 

dr    —  Destination  Register  Value 

xr    -  Index  Register  Value  (2  or  3) 


Assembler 
Language  Format 


Op  sr,  dr 


Op  r,  disp 


Op  ctl 


Op  cc,  disp 


Op  fc,  ctl 


Op  (xr) 


disp 


disp  —  Displacement  Value 

cc  —  Condition  Code  Value 

r  —   Register  Value 

ctl  -  Control  Bits  Value 


Remarks 


Op 

r,  disp(xr) 

Direct 

Op 

r,  @disp(xr) 

Indirect 

Op 

disp(xr) 

Direct 

Op 

@disp(xr) 

Indirect 
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Table  B-1.  Basic  Instruction  Set  with  Bit  Patterns 


Mnemonic 

LD 

LD   Indirect 

ST 

ST  Indirect 

ADD 

SUB 

SKG 

SKNE 


AND 

OR 

SKAZ 


ISZ 

DSZ 

JMP 


Base 

8000 
9000 
AOOO 
BOOO 
GOOO 
DOOO 
EOOO 
FOOO 


Word  Format 


0000 
0400 
0800 
OGOO 


6000 
6800 
7000 


0000 
0400 


REGISTER 


REGISTER 


I   =  BASE  V  r  V  xr  V  disp 


ADDRESSING 

xr 

TEGHNIQUE 

0000 

BASE   PAGE 

0100 

PG   RELATIVE 

0200 

INDEXED- AC2 

0300 

INDEXED- AGS 

7800 
7C00 
2000 


JMP  Indirect 

JSR 

JSR   Indirect 


2400 
2800 
2G00 


BOG 


1000 


Word  Format 


I   =  BASE  V  cc  V  disp 


Branch  on 

INTRPT=1 

(when 

enabled) 

AGO=0 

AGO>0 

AGO 
ODD 

AGO 
Bit  1=1 

AGO  5^0 

GPINT 
=1 

START 
=1 

GC 

0000 

0100 

0200 

0300 

0400 

0500 

0600 

0700 

Branch  on 

STFL=1 

INTEN=1 

CY0V=1 

AGO^O 

USER 

USER 

USER 

USER 

GC 

0800 

0900 

OAOO 

OBOO 

OGOO 

ODOO 

OEOO 

OFOO 

Word  Format 


AISZ 

4800 

LI 

4G00 

GAI 

5000 

PUSH 

4000 

PULL 

4400 

XGHRS 

5400 

ROR/ROL 

5800 

SHR/SHL 

5G00 

r 

REGISTER 

0000 

0 

0100 

1 

0200 

2 

0300 

3 

LEFT  DISP  POSITIVE 

RIGHT   DISP  NEGATIVE 

I   =  BASE  V  r  V  disp 


RADD 

3000 

RXGH 

3080 

RG^Y 

3081 

RXOR 

3082 

RAND 

3083 

Word  Format 

1   =  BASE  V  sr  V  dr 

sr 

dr 

REGISTER 

0000 
0400 
0800 
OCOO 

0000 
0100 
0200 
0300 

0 
1 
2 
3 

Table  B-l.  Basic  Instruction  Set  with  Bit  Patterns  (Continued) 


Mnemonic 

Base 

fc 

SFLG 

0800 

FLAG 

PFLG 

0880 

0000 

8 

0100 

9 

0200 

10 

0300 

11 

0400 

12 

. 

0500 

13 

0600 

14 

0700 

15 

Word  Format 


I   =  BASE  V  fc  V  ctl 


HALT 

0000 

RTI 

PUSHF 

0080 

RTS 

PULLF 

0280 

JSRI 

Word  Format 


I  =  BASE  V  ctl 


0100  RIN  0400 

0200  ROUT  0600 

0380      (Address  range  =  FF80  to  FFFF) 


The  instruction  is  formed  by  the  inclusive  Or  of  each  field.  For  example,  the  instruction  RADD  2,3  is  coded  as  X'SBOO 
For  instructions  that  use  the  CTL  field,  only  the  first  7  bits  (bits  0  through  6)  are  considered. 

Examples  of  coding  follow: 


Example  1 

RADD  2,3 

BASE  =  3000 

sr  =  0800 

dr  =  0300 

INSTRUCTION  =  3B00 


Comments 

Add  AC2  to  AC3. 


Example  2 

JMP-1    (3) 

BASE  =  2000 

xr  =  0300 

disp  =  OOFF 

INSTRUCTION  =  23FF 


Comments 

Jump  to  the  location  specified  by  the  index  register 
AC3  modified  by  the  displacement  -1 . 


Example  3 

SHR  0,1 

BASE  =  5C00 

r  =  0000 

disp  =  OOFF 

INSTRUCTION  =  5CFF 


Comments 

Shift  the  contents  of  AGO  one  place  to  the  right. 
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mnemonic 

MPY 
D!V 
DADD 
DSUB 


LDB 

STB 


iCAN 


SETST 
CLRST 

SETBST 
CLRBIT 
SKSTF 

SKBIT 
CMPBIT 


Base 

0480 
0490 
04A0 
04B0 


Table  B-2.  Extended  Instruction  Set  with  Bit  Patterns 


Word  Format 


xr 


ADDRESSING 
TECHNIQUE 


0000 
0100 
0200 
0300 


Direct 
PC  Relative 
Indexed  -  AC2 
Indexed  -ACS 


04C0 
04D0 


0510 


0700 
0710 
0720 
0730 
0740 
0750 
0760 


I  (Word  1 )  =   BASE  V 
I  (Word  2)  =  disp 


xr 


Word  Format 


I  (Word  1 )  =  BASE  V  xr 
I  (Word  2)  =  2.  disp  V  Byte 
Byte  =  Ofor  right,  1  for  left. 


Word  Format 


I   =  BASE  V   Bit 


Word  Format 


JSRP 
JMPP 
JINT 


BASADR 


MAXADR 


0300 
0500 
0520 


(0100) 
(0100) 
0120 


007  F 
OOOF 
OOOF 


I  =  BASE  V  Incr 

Incr  =  ADDR  -  BASADR 

BASADR  <  ADDR  <  BASADR  +  MAXADR 


Example  1 

LDB  X'AOA 

BASE 

xr 

INSTRUCTION 


Comments 

Load    AGO   with    the  right   byte  of   location 
X'OAOA;  direct  addressing. 


04C0 
0000 
04C0  (Word  1 ) 


disp 
Byte 


X'OAOA 
0  (Right) 


INSTRUCTION  =   1413  (Word  2) 
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Example  2 


Comments 


JMPP  2 

BASE  =  0500 
BASADR  =  (0100)  Implied 
INCR  =  0002 

INSTRUCTION  =  0502 


Jump    through    pointer    located    at    location 
X'0102. 
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AppendlexC 
MEMORY  ARRANGEMENT 


The  arrangement  of  memory  in  this  system  is  shown  in  figure  C— 1.  The  entire  base  page  consists  of  read/write  memory; 
that  is,  locations  (0000)i6  to  (00FF)i6.  The  top  sector  of  memory  (FE00)i6  to  (FFFF)i6  is  implemented  with  read-only 
memory.  The  read-only  memory  on  the  board  is  enabled  whenever  bit  15-  of  the  address  is  1 . 


0000 


OOFF 
0100 


BASE  PAGE 


ADD-ON 


RWM 


FEOO 


FFFF 


TOP  PAGE 
CONTROL  PROGRAMS 


ROM  (OR  PROM) 


NS00144 


Figure  C-1.  Memor}' Layout 


The  memory  arrangement  shown  above  may  be  moved  around  to  suit  the  convenience  of  the  user.  Jumper  connections 
are  provided  on  the  IMP-16C  card  (Wl,  W2,  and  W3)  to  disable  the  on-board  address  decode  logic.  By  removing  these 
and  using  the  external  chip  select  inputs  (CSO,  CSl,  and  CS2),  the  user  may  generate  his  own  decode  signals  to  move 
the  memory  pages  wherever  desired. 


C-1/2 


Appendix  D 
IMP-16C  NOMENCLATURE 

Table  D-1.  Nomenclature  Used  in  Orcuit  Schematics  and  Text 


Signal  Name 

Description 

ADEN 

Address  Enable  Signal 

ADX  (0),  (1),  ...,  (15) 

Address  Lines  to  Memory 

ALU 

Arithmetic/Logic  Unit 

BDO  (0),  (1),  ...,  (15) 

Buffered  Data-Out  Lines 

CI 

Memory  Cycle  Initiate 

CJMUX 

Conditional  Jump  Multiplexer 

CLK,  CLK* 

Master  Clock  Signals 

CPINP 

Control  Panel  Interrupt  Acknowledge 

CPINT 

Control  Panel  Interrupt 

CROM 

Control  Read-Only  Memory 

CSHO,  CSH3 

Carry/Shift  Signal  Lines  (RALU) 

CSO,  CSl,  CS2 

Memory  Chip-Select  Lines 

CYOV 

Carry  or  Overflow  Signal 

CSl,  C23,  C45,  C67 

Clock  Signals,  each  lasting  for  two  periods 

DATA  (0),  (1),  (2),  and  (3) 

Data  Bus  Lines 

DI  (0),  (1),  (2),  and  (3) 

Data  Input  Lines  to  the  CROM 

DISTR 

Data  Input  Strobe 

ENCTL 

Enable  Control  Signal 

START 

Start  or  continue  signal  to  restart  operation 

FLAGO,  FLAG  12 

User  status  flags 

F8,  Fll,  ...,  F15 

User  control  flags 

HCLK 

Clock  Hold  Signal 

HLT 

Halt  Flag 

HOCSH 

High-Order  Carry/Shift  Signal  Line  (CROM) 

HOLD 

Phase  4  Hold  Signal 

INIT* 

Initialize  Line  (Complemented) 

INTEN 

Interrupt  Enable  Flag 

INTRPT 

Delayed  Interrupt  Signal 

INTRA 

Interrupt  Request  Signal 

INTCTL 

Interrupt  Control  Signal 

JCSTR 

Jump  Condition  Strobe  Signal 

JFA 

Jump  Flag  Addresses 
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Table  D-1.  Nomenclature  Used  in  Circuit  Schematics  and  Text  (Continued) 


Signal  Name 

Description 

LDAR 

Load  Address  Register  Flag 

LOCSH 

Low-Order  Carry/Shift  Signal  Line  (CROM) 

MDO  (0),  (1),  . . . ,  (15) 

Memory  Data  Out 

MUX 

Multiplexer 

NCB  (0),  (1),  (2),  and  (3) 

Complemented  Control  Bus  Lines 

NFLEN 

Flag  Enable  Signal  Line  (Complemented) 

NJCOND 

Jump  Condition  Input  Line  (Complemented) 

NREQO 

Register  Equal  Zero  Signal  (Complemented) 

POC 

Power-On  Condition 

PROM 

Electrically  Programmed  Read-Only  Memory 

RALU 

Register/ Arithmetic/Logic  Unit 

RDM 

Read  Memory  Flag                                                            i 

RDM-Ql 

Delayed  Read  Memory  Flag 

RDP 

Read  Peripheral  Flag 

RFREQ 

Memory  Refresh  Request  Signal 

RFSH 

Memory  Refresh  Initiate 

SEL 

Select  Flag 

SININ 

Sign-In  Signal  Line 

STF 

Stack  Full  Signal  Line 

STFL 

Stack  Full  Interrupt  Signal 

SVRST 

Save/ Restore  Flag 

SW 

Switch  Data  (Input  Port  for  Peripheral  Data) 

SYSCLR* 

System  Clear  (Complemented)                                                i 

Vgg>  Vss 

Supply  Voltages 

WRM 

Write  Memory  Flag 

WRMP 

Write  Memory  Pulse 

WRP 

Write  Peripheral  Flag 

WRPA 

Write  Peripheral  Strobe  A 

WRPB 

Write  Peripheral  Strobe  B 

WRP3 

Write  Peripheral  Strobe 

PHI,  PH3,  PH5,  and  PH7 

Clock  Phase  Times  1,  3,  5,  and  7.  (Each  of  these  phase 
times  corresponds  to  a  clock  pulse:  Tl,  T3,  T5,  and  T7.) 

NOTE:    An  asterisk  (*)  after  a 
complemented  signal.  C< 
the  prefix  N  as  part  of  th 

signal  name  (except  a  CROM  or  a  RALU  signal)  denotes  a 
implementation  is  denoted  for  CROM  and  RALU  signals  by 
e  signal  names. 
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Appendix  E 

LIST  OF  PIN  CONNECTIONS  AND  SIGNALS 
ON  IMP16C  CARD 

Table  E-l.  IMP-1 6C  Pin  Numbers  and  Corresponding  Signal  Names 


Pin 
Number 

Signal  Name 

Pin 
Number 

Signal  Name 

1 

Ground 

2 

Ground 

3 

Ground 

4 

Ground 

5 

+5  volts 

6 

+5  volts 

7 

+5  volts 

8 

+5  volts                                                  , 

9 

FLAG  12  -  Status  Flag  from  RALU 

10 

ADXOO  -  Address  Line,  Bit  00 

11 

SVGG  -  Switched  -12  volts^ 

12 

SVGG  -  Switched  -12  volts* 

13 

15 
17 

-10  volts  for  Read/Write  Memory 
(MM1101A2) 

INTRA  —  Interrupt  Request  Signal 

Not  Used 

14 

16 
18 

—9  volts  for  Read/Write  Memory 
(MM  11 01 A2) 

INIT*  —  Initialize  (Complemented) 

ADX07  -  Address  Line,  Bit  07 

19 

Not  Used 

20 

ADX06  -  Address  Line,  Bit  06 

21 

CSO  —  Memory  Chip-Select  Line 

22 

FLAGO  -  Status  Flag  from  RALU 

23 

ADX02  -  Address  Line,  Bit  02 

24 

ADXOl  -  Address  Line,  Bit  01 

25 

ADX03  -  Address  Line,  Bit  03 

26 

Not  Used 

27 

BDO08  -  Buffered  Data  Out,  Bit  08 

28 

ADX05  -  Address  Line,  Bit  05 

29 

ADX04  -  Address  Line,  Bit  04 

30 

C3B*  -  Timing  Signal 

31 

-12  vohs 

32 

-12  volts 

33 

35 

Not  Used 

CS2  —  Memory  Chip-Select  Line 

34 
36 

CSl  —  Memory  Chip-Select  Line 
ODIS  -  Address  Bus  Disable 

37 

Not  Used 

38 

Not  Used 

39 

Not  Used 

40 

MDOOO  -  Memory  Data  Out,  Bit  00 

41 

MDOOl  -  Memory  Data  Out,  Bit  01 

42 

Not  Used 

43 

MDO02  -  Memory  Data  Out,  Bit  02 

44 

MDO03  -  Memory  Data  Out,  Bit  03 

45 

Not  Used 

46 

Not  Used 

47 

MD004  -  Memory  Data  Out,  Bit  04 

48 

MD005  -  Memory  Data  Out,  Bit  05 

49 

Not  Used 

50 

MD006  -  Memory  Data  Out,  Bit  06 

51 

Not  Used 

52 

MDO07  -  Memory  Data  Out,  Bit  07 

53 

WRPB  -  Write  Peripheral  Strobe  B 

54 

Not  Used 

55 

Not  Used 

56 

BDO05  -  Buffered  Data  Out,  Bit  05 

57 

DISTR*-  Data  Input  Strobe  (Complemented) 

58 

BDOOl  -  Buffered  Data  Out,  Bit  01 

59 

BDO04  -  Buffered  Data  Out,  Bit  04 

60 

BDOOO  -  Buffered  Data  Out,  Bit  00 

61 

BD003  -  Buffered  Data  Out,  Bit  03 

62 

MDO 1 4  -  Memory  Data  Out ,  Bit  1 4 

63 

BDO07  -  Buffered  Data  Out,  Bit  07 

64 

BD002  -  Buffered  Data  Out,  Bit  02 

65 

BDO06  -  Buffered  Data  Out,  Bit  06 

66 

WRPA  -  Write  Peripheral  Strobe  A 

67 

BDO09  -  Buffered  Data  Out,  Bit  09 

68 

BDOl  1  -  Buffered  Data  Out,  Bit  1 1 

69 

BD014  -  Buffered  Data  Out,  Bit  14 

70 

BD015  -  Buffered  Data  Out,  Bit  15 

1  -  Should  not  be  used  on  IMP-16/200  and  300  cards. 
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Table  E-1.  IMP-1 6C  Pin  Numbers  and  Corresponding  Signal  Names  (Continued) 


Pin 
Number 

Signal  Name 

Pin 
Number 

Signal  Name 

71 

Ground 

72 

Ground 

73 

BDOIO  -  Buffered  Data  Out,  Bit  10 

74 

BDO  13  -  Buffered  Data  Out,  Bit  13 

75 

BDO 1 2  -  Buffered  Data  Out,  Bit  1 2 

76 

MDOIO  -  Memory  Data  Out,  Bit  10 

77 

MD013  -  Memory  Data  Out,  Bit  13 

78 

MD012  -  Memory  Data  Out,  Bit  12 

79 

SWOO  -  Switch  Data,  Bit  00 

80 

DSLCT  -  Input  Data  Select 

81 

SW02  -  Switch  Data,  Bit  02 

82 

MDO08  -  Memory  Data  Out,  Bit  08 

83 

Not  Used 

84 

SWOl  -  Switch  Data,  Bit  01 

85 

INTCTL  -  Interrupt  Control 

86 

SW03  -  Switch  Data,  Bit  03 

87 

MDO09  -  Memory  Data  Out,  Bit  09 

88 

MDOl  1  -  Memory  Data  Out,  Bit  1 1 

89 

WRM  -  Write  Memory  Flag 

90 

SW08  -  Switch  Data,  Bit  08 

91 

SWIO- Switch  Data,  Bit  10 

92 

SW09  -  Switch  Data,  Bit  09 

93 

SWl  1  -  Switch  Data,  Bit  1 1 

94 

CLK81  -  Timing  Signal 

95 

SWl 2 -Switch  Data,  Bit  12 

96 

SWl 3  -  Switch  Data,  Bit  13 

97 

SW14  -  Switch  Data,  Bit  14 

98 

SW04  -  Switch  Data,  Bit  04 

99 

C45  -  Timing  Signal 

100 

SW06  -  Switch  Data,  Bit  06 

101 

ADX13  -  Address  Line,  Bit  13 

102 

EXHOLD  -  External  Hold 

103 

SW05  -  Switch  Data,  Bit  05 

104 

JC14  —  General-Purpose  Jump  Condition 

105 

SW07  -  Switch  Data,  Bit  07 

106 

SW15- Switch  Data,  Bit  15 

107 

JC15  —  General-Purpose  Jump  Condition 

108 

MDOl 5  -  Memory  Data  Out,  Bit  15 

109 

ADXll  -  Address  Line,  Bit  11 

110 

ADXIO  -  Address  Line,  Bit  10 

111 

ADX08  -  Address  Line,  Bit  08 

112 

ADX09  -  Address  Line,  Bit  09 

113 

RDM  —  Read  Memory  Flag 

114 

ADX12  -  Address  Line,  Bit  12 

115 

ADX14  -  Address  Line,  Bit  14 

116 

ADX15  -  Address  Line,  Bit  15 

117 

CPINP  -  Control  Panel  Interrupt 

118 

CPINT  -  Control  Panel  Interrupt 

119 

JC 1 3  —  General-Purpose  Jump  Condition 

120 

WRMP  -  Write  Memory  Pulse 

121 

RDP  -  Read  Peripheral  Flag 

122 

WRP  -  Write  Peripheral  Flag 

123 

START  -  Start  Signal 

124 

RFREQ  —  Memory  Refresh  Request 

125 

HLT*  (FLAG) 

126 

SYSCLR*  -  System  Clear  (Complemented) 

127 

CLK*  -  Master  Clock  (Complemented) 

128 

CLK  -  Master  Clock 

129 

JC12  —  General-Purpose  Jump  Condition 

130 

F8  —  General-Purpose  User  Flag 

131 

INT  EN  -  Interrupt  Enable  Flag 

132 

F15  —  General-Purpose  User  Flag 

133 

Fl  1  -  General-Purpose  User  Flag 

134 

F14  —  General-Purpose  User  Flag 

135 

F13  -  General-Purpose  User  Flag 

136 

F12  —  General-Purpose  User  Flag 

137 

+5  volts 

138 

+5  volts 

139 

+5  volts 

140 

+5  volts 

141 

Ground 

142 

Ground 

143 

Ground 

144 

Ground 

NOTE: 

1.   Odd-numbered  pins  are  on  component  side  an 

1  even-num 

bered  pins  are  on  solder  side  ot  IMP-1 6C  card. 

2.   Pins  83  and  55  are  used  for  CYCLE  INITIA 

TE  and  EX 

TERNAL  REFRESH  functions,  respectively. 

in  the  1MP-16P  system  (IMP-16P/200,  /300). 
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SUPPLEMENT  1 


PREFACE 

This  application  note  supplements  the  IMP-16C  Application  Manual  and  supplies  infor- 
mation pertaining  to  the  implementation  of  peripheral  interfacing  for  the  IMP-16C. 
The  user  should  be  familiar  with  the  contents  of  the  IMP-16C  Application  Manual, 
particularly  with  respect  to  the  macroinstruction  and  timing -signal  mnemonics. 

The  material  supplied  in  this  application  note  is  for  information  purposes  only  and  is 
subject  to  change  without  notice.      This  applies  particularly  to  the  circuit  diagrams 
and  the  computer  program  listings. 
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CHAPTER  1 
GENERAL  INFORMATION 


This  chapter  discusses  IMP-16C  interface  considerations,    advisability  of  having  a 
control  panel  for  use  with  the  IMP-16C,    and  interface  methods  and  programs.      More- 
detailed  information  on  these  subjects    is     presented  in  the  remaining  chapters. 

1.1         IMP-16C  INTERFACE  CONSIDERATIONS 

Peripheral  devices  communicate  with  the  IMP-16C  processor  via  the  SW  input  bus  and 
the   BDO  data  out  bus.      A  number  of  user  control  flags  are  available  to  control  various 
l/O  operations.      In  this  application  note,    emphasis  is  placed  on  program -controlled 
operations  to  illustrate  the  simplicity  of  the  interface  requirements. 

When  designing  a  peripheral  device  interface,    a  wide  range  of  possibilities  exist 
between  a  single -purpose  (economical)  interface  and  a  multi-purpose  (expensive)  inter- 
face.     The  single -purpose  interface  must  rely  on  processor  control  to  generate  the 
necessary  timing  sequences,    while  the  multi-purpose  interface  requires  only  a  minimal 
amount  of  processor  control.      The  trade-off  between  expense  and  hardware  volume  can 
only  be  determined  by  the  user's  needs.      There  is  nothing  inherent  in  the  design  of 
the  IMP-16C  bus  system  or  the  processor  that  requires  a  complex  interface. 

The  teletype  interface  using  control  flags  (described  in  chapter  3  of  this  note)  is  an 
example  of  a  relatively  simple  peripheral  interface  that  is  flexible  enough  for  all 
operations  but  requires  a  large  degree  of  program  control.      This  is  acceptable  for 
most  applications  where  the  processor  is  not  doing  other  functions  during  teletype 
operations. 

Figure   1-1  is  a  simplified  block  diagram  of  the  l/O  bus  structure  of  the  IMP-16C 
microprocessor.      The  timing  of  the  various  signals  and  data  lines  is  given  in 
figure     1-2.      Data  bits  presented  on  the  SW  bus  are  accepted  during  T7  as  deter- 
mined by  the  DISTR*  pulse.      Output  data  is  valid  during  T4.      Input  jump  conditions 
and  output  control  flags  are  valid  at  the  start  of  T2.      Control  flags  are  reset  at  the 
beginning  of  T6.      Addresses  on  the  ADX  bus  start  coming  up  during  T3  and  are 
valid  at  the  start  of  T4. 

When  interfacing  external  devices  with  the  IMP-16C,    peripheral  device  addresses  may 
be  distinguished  from  memory  addresses  by  the  presence  of  the  RDP  or  WRP  flags 
that  are  pulsed  during  RIN  and  ROUT  instructions,    respectively. 

Timing  for  RIN  and  ROUT  instructions  is  shown  in  figure  1-3.      Each  of  these  instruc- 
tions takes  seven  microcycles  to  execute.      During  the  first  microcycle  (FETCH),    the 
RDM  flag  enables  the  establishment  of  a  memory  address  on  the  ADX  lines  to  permit 
the  fetching  of  the  instruction.      The  next  six  microcycles  effect  the  execution  of  the 
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Figure  1-2.      IMP-16C  Timing  Chart 


instruction.      In  the  sixth  microcycle,    the  LDAR  flag  is  pulsed,    thus  enabling  the 
latching  of  the  peripheral  address  on  the  ADX  lines.      These  latched  addresses  are 
valid  through  the  next  microcycle,   at  which  time  the  RDP  or  WRP  flag  is  pulsed  and 
the  actual  data  transfer  takes  place. 

During  a  ROUT  instruction,   the  data  present  on  the  BDO  lines  at  T4  of  the  seventh 
microcycle  is  the  output  data  from  ACO.     During  a  RIN  instruction,    the  data  present 
on  the  SW  lines  at  T7  of  the  seventh  microcycle  is  the  input  data  accepted  by  the 
processor  and  loaded  into  ACO. 
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IMP-16C  CONTROL  PANEL 


The  IMP-16C  is  self-contained  for  control  operations;  however,    for  some  general- 
purpose  applications  a  control  panel  may  be  needed  or  convenient  to  have  for  debug- 
ging programs,    entering  or  retrieving  data  from  the  IMP-16C,   verifying  system 
operation,    troubleshooting,   and  other  operator -controlled  purposes. 

The  control  panel  described  here  is  one  that  is  relatively  uncomplicated  and  has  a 
minimum  number  of  components.      A  software  service  routine,    resident  in  main 
memory,    scans  the  panel  switches  and  implements  appropriate  service  actions 
according  to  switch  positions.      This  control  panel  and  its  operations  are  described 
in  chapter  2. 
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Figure  1-3.      Timing  Sequence  for  RIN  and  ROUT  Instructions 


1.3    INTERFACE  METHODS  AND  PROGRAMS 

Chapters  3  through  7  of  this  note  present  several  interface  methods  and  related 
programming  considerations  as  well  as  a  description  of  interrupt     handling.      Included 
are  various  sample  programs  that  facilitate  generating  and  loading  program  tapes. 

A  complete  firmware  package  is  available  as  a  PROM  and  may  be  run  on  the  IMP-16C 
(interfaced  to  a  control  panel).      The  listing  of  this  package  is  given  in  appendix  A. 


1-3 


SUPPLEMENT  1 


>^ 


>. 


>^ 


<  I  >- 

H  H  u.  u 

<  Vi         s  O  *0 

ys  —        q:  Q  5 


>      S 


Yttt 


±±±± 


innnr     v 


^'^^'^^HOr^? 


«  ii  11  li  ii  ii  11  11  li  11  11  11  11  11  •!  11  1 

llllilllllnllli 


B 

nJ 
•i-i 

Q 

u 
•1-1 


o 

CO 


B 

•fH 


o 


(M 


Pm 


2^-0 
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CHAPTER  2 


CONTROL  PANEL  OPERATIONS 


2.1 


GENERAL  INFORMATION 


The  control  panel  described  here  is  a  very  simple  means  of  entering  and  retrieving 
information  from  the  IMP-16C  card.     It  does  not  decode  any  device  addresses;  it 
works  off  the  RDP  arid  WRP  flags  pulsed  by  the  RIN  and  ROUT  instructions.      The 
schematic  diagram  in  figure  2-1  depicts  the  arrangement  of  the  panel  logic.     With 
this  panel,    six  momentary  contact  switches  may  te  serviced  by  a  software  routine. 
The  routine  provided  with  this  control  panel  assun^es  the  following  assignments. 


SWITCH 

CONNECTED  TO 

FUNCTION 

SW21 
SW19 
SW18 
SW17 
SW22 

JUMP  CONDITION  7 
JUMP  CONDITION  13 
JUMP  CONDITION  15 
JUMP  CONDITION  12 
INTRA 

EXECUTE  (START) 
LOAD  DATA 
DISPLAY 
LOAD  ADDRESS 
HALT  (interrupt 
serviced) 

Provides 
overriding 
initialization 
of  CPU 

SW20 

SYSCLR* 

INITIALIZE 

The  physical  location  of  the  various  switches  on  the  control  panel  board  is  shown  in 
figure  2-2;  the  next  few  paragraphs  describe  operating  procedures  for  this  panel  when 
it  is  used  with  the  service  program. 

Figure  2-1  is  a  simplified  version  of  the  actual  control  panel  logic  schematic  diagram 
(provided  as  part  of  the  control  panel  kit  IMP-16C/882,    formerly  CTLPLKIT).      The 
switch  numbers  in  the  table  above  refer  to  switch  positions  called  out  on  the  original 
diagram. 

2.2        OPERATING  PROCEDURES 

The  following  paragraphs  provide  the  procedures  for  performing  the  various  operations 
at  the  control  panel. 

2.2.1    Loading  Main  Memory 

1.        Set  the  Data  Switches  to  the  address  of  the  desired  starting  location. 
(Note:     locations  0  through  6  in  memory  are  reserved  for  control  pro- 
gram usage.) 
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2.  Press   LOAD  ADDRESS.      The  selected  address  will  be  displayed  on  the 
Bit  Display  Lights. 

3.  Set  the  Data  Switches  to  the  data  value  to  be  loaded. 

4.  Press   LOAD  DATA.      The  value  will  be  displayed,   and  the  memory- 
location  address  will  be  incremented  automatically. 

5.  Subsequent  memory  locations  may  be  loaded  in  consecutive  order  by 
setting  the  desired  bit  pattern  of  the  value  to  be  loaded  and  pressing 
LOAD  DATA  after  each  setting. 

2.2.2  Altering  Memory  Locations 

1.  Set  the  address  of  the  location  whose  contents  are  to  be  altered  on  the 
Data  Switches,    and  press  LOAD  ADDRESS. 

2.  Set  the  new  value  of  the  data  on  the  Data  Switches,    and  press  LOAD 
DATA. 

2.2.3  Examining  Memory  Locations 

1.  Set  the  address  of  the  location  whose  contents  are  to  be  displayed  on  the 
Data  Switches,   and  press  LOAD  ADDRESS.      The  selected  address  will  be 
displayed  on  the  Bit  Display  Lights. 

2.  Press  DISPLAY.      The  contents  of  the  selected  location  will  be  displayed, 
and  the  memory -location  address  will  be  incremented  automatically. 

3.  Subsequent  memory  locations  may  be  displayed  in  consecutive  order  by 
repeatedly    pressing  DISPLAY. 

2.2.4  Loading  The  Accumulators 

1.  Set  the  Data  Switches  to  the  number  of  the  accumulator  to  be  loaded 
(X'OOOO  for  AGO,   X'OOOl  for  ACl,   and  so  on),    and  press  LOAD  ADDRESS. 

2.  Set  the  Data  Switches  to  the  value  to  be  loaded,   and  press  LOAD  DATA. 

3.  Repeat  steps  1  and  2  for  each  accumulator  to  be  loaded. 

2.2.5  Displaying  Accumulator  Values 

1.  Set  the  Data  Switches  to  the  number  of  the  accumulator  whose  contents 
are  to  be  displayed  (similar  to  step  1  above),   and  press  LOAD  ADDRESS. 

2.  Press  DISPLAY. 

3.  Repeat  steps  1  and  2  for  each  accumulator  whose  contents  are  to  be 

displayed. 
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2.2.6  HALT  and  Continue  Operations 

The  panel  HALT  switch  interrupts  the  processor  and  sets  it  in  a  HALT  mode.      If  the 
Data  Switches  are  set  to  X^OOOO  and  EXECUTE  is  pressed,    then  the  processor  returns 
control  to  the  control  panel  routine.      Otherwise,    an  EXECUTE  command  causes  the 
program  to  resume  where  it  left  off  at  the  time  of  the  HALT. 

At  the  time  of  a  HALT,    the  return  address  of  the  interrupted  program  is  displayed  on 
the  Bit  Display  Lights.      This  can  be  noted  and  used  as  a  resumption  address  if  the 
normal  return  from  interrupt  is  not  used. 

2.2.7  Executing  A  Program 

1,  Select  the  starting  address  of  the  program  on  the  Data  Switches. 

2.  Press  EXECUTE. 

After  a  program  has  been  run,    its  results  may  be  observed  (looking  at  register  values 
and  examining  specific  memory  locations)  by  coding  a  JMP  X'OO  instruction  at  the  last 
executable  instruction;  that  is,    after  entering  a  program,    code  X'2000  as  the  final 
instruction.      This  returns  control  to  the  control  panel  routine  without  altering  the 
status  of  the  registers.      If  register  values  need  not  be  saved,    the  same  effect  can  be 
achieved  by  pressing  INIT. 

2.2.8  Initialization 

The  function  of  the  INIT  switch  is  to  clear  the  CPU  and  return  control  to  the  starting 
sequence.      Main  memory  is  not  affected  by  this  operation  because  it  has  separate  power 
lines.      Therefore,    a  program  once  loaded  into  the  read/write  memory  remains 
unaltered  until  it  is  overwritten  or  power  to  the  entire  unit  is  shut  off. 
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Figure  2-2.      Control  Panel  Arrangement 
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CONTROL  PANEL  SERVICE  ROUTINE 


The  program  that  effects  the  operations  detailed  in  2.2.1  through  2.2.7  works  on  a 
continuous  scan  of  the  front  panel  active  switches.     When  the  processor  is  powered  up, 
it  begins  to  execute  instructions  at  memory  location  FFFE-|g  (located  in  top  page  in  a 
PROM/ROM).      These  instructions  direct  the  processor  into  a  5-cycle  wait  loop  that 
awaits  a  front  panel  command. 

The  front  panel  HALT  function  interrupts  normal  operation  of  the  processor  and  sends 
control  to  an  interrupt  service  routine.      Prc^ram  listings  for  the  control  panel  service 
routine  and  the  interrupt  service  routine  are  given  on  the  following  pages.      It  must  be 
noted  that  this  simple  control  panel  by  itself  is  not  intended  to  be  a  software  debug 
aid,    but  rather  it  is  a  means  of  manual  entry  of  information  into  the  IMP-16C.      As 
such,   when  using  any  of  the  routines  described  in  this  application  note,    the  directions 
supplied  must  be  followed  closely. 

NOTE 

All  numbers  that  represent  data  are  written  in 
.  hexadecimal  format.      The  notation  for  this  for- 

mat is  either  the  subscript  16  following  the  num- 
ber or  the  prefix  X'  preceding  the  number. 

Example:     4A08^  ^  means  the  same  as  X'4A08. 
16 


FF86 
FF86 

-PAGE 

•CONTROL  PANEL  SERVICE  ROUTINE' 

FF86 

VERSION  2,  APRIL  25,  1973 

FF86    FFADA 

.=X'FFAD 

FFAD21B4    A 

JSTRT: 

.WORD  X'21B4 

FFAE  21ED  A 

JINTR: 

.W0RDX'21ED 

FFAF  0005    A 

FIVE: 

.WORD     5 

FFBO  0001     A 

ONE: 

.WORD      1 

FFB1   8DFC  A 

BEGIN: 

LD  3,  JINTR 

FFB2  ACOl    A 

ST  3,X'01 ; 

LOAD  LOCATION  1  WITH  JUMP  TO  INTERRUPT 

FFB3  8DF9  A 

LD             3,JST 

RT 

FFB4  ACOO  A 

ST  3,X'00; 

LOAD  LOCATION  0  WITH  JUMP  TO  CONTROL  PANE 

FFB5  2929    A 

START: 

JSR  SAVE 

;  SAVE  ACCUMULATORS. 

FFB6  0900    A 

SET: 

SFLG    1 

;  ENABLE  INTERRUPT  SYSTEM. 

FFB7  0600    A 

ROUT: 

ROUT  0 

FFB8   1C04    A 

WAIT: 

B0CC12,LA 

;      'LOAD  ADDRESS' SWITCH. 

FFB9   1D0A  A 

BOCC13,LD 

;      'LOAD  DATA' SWITCH. 

FFBA  1710    A 

B0CC7,  EX 

;      'EXECUTE' SWITCH. 

FFBB  1F1F    A 

BOG  015,  DISP 

;      'DISPLAY' SWITCH. 

FFBO  21FB    A 

JMP  .A 

;      RETURN  TO  WAIT  LOOP. 

FFBD  1CFF   A 

LA: 

B0CC12,LA 

;      CHECK  RELEASE. 

FFBE  0400    A 

RINO 

;      READSWR. 

FFBF  3281     A 

ROPY  0,2 

;      SAVE  ADDRESS  IN  AC2. 

FFCO  3381     A 

ROPY  0,3 

FFC1    E1ED  A 

SKGO,FIVE; 

PREVENTS  LOADING  OF  RESERVED  LOCATIONS 

FFC2  120D    A 

BOG  C2,  RSRVE 

FFC3  21  F3    A 

JMP  ROUT 

FFC4   1DFF  A 

LD: 

B0GC13,LD; 

CHECK  RELEASE  FOR  LOAD  DATA  SWITCH 

FFC5  0400    A 

RINO; 

READ  SWITCHES 

FFC6  F938    A 

SKNE  2,LAST6; 

PREVENTS  LOADING  LOCATION  6. 

FFC7  21F0    A 

JMP  WAIT 

FFC8  A200   A 

ST  0,(2) 

;      LOAD  MEMORY 
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FFC9 
FFCA 
FFCB 
FFCC 
FFCD 
FFCE 
FFCF 
FFDO 
FFD1 
FFD2 
FFD3 
FFD4 
FFD5 
FFD6 
FFD7 
FFD8 
FFD9 
FFDA 
FFDB 
FFDC 
FFDD 
FFDE 
FFDF 
FFDF 
FFEO 
FFE1 
FFE2 
FFE3 
FFE4 
FFE5 
FFE6 
FFE7 
FFE7 
FFE8 
FFE9 
FFEA 
FFEB 
FFEC 
FFED 
FFEE 
FFEF 
FFEF 
FFEF 
FFFO 
FFF1 
FFF2 
FFF3 
FFF4 
FFF5 
FFF6 
FFF7 
FFF8 
FFF9 
FFF9 
FFFA 
FFFB 
FFFC 
FFFD 
FFFE 
FFFF 
000 


C9E6 

21EC 

17FF 

0400 

4000 

2918 

0200 

0600 

1D05 

1F01 

21FD 

1FFF 

8302 

21  EO 

1DFF 

0400 

A202 

21  DC  A 

1FFF   A 

8300    A 

CDD2  A 

21 D8  A 

A002  A 

A403  A 

A804  A 

AC05  A 

0080  A 

4500  A 

A406  A 

0200  A 


8406 
4100 
0280 
8002 
8403 
8804 
8C05 
0200 


180B 
29EE 
4400 
4000 
0600 
0000 
0400 
1102 
29EF 
0100 

4400 
21  BB 
4CFF 
0600 
0000 
21  B2 
0006 


EX: 


RSRVE: 


DISPAC: 


LDAC: 


DISP: 


SAVE: 


CHECK  RELEASE 


SAVE  JUMP  ADDRESS  IN  STACK. 


FAKING  AN  INDIRECT  JUMP. 


ADD  2,  ONE;       INCREMENT  ADDRESS 

JMP  ROUT 

BOC  C7,  EX 

RINO 

PUSH  0 

JSR  RSTOR 

RTSO 

ROUTO 

BOC  C13,  LDAC 

B0CC15,DISPAC 

JMP  .-2 

BOC  C15, DISPAC;    DISPLAY  ACCUMULATOR  ROUTINE 

LD  0,2(3) 

JMP  ROUT 

B0CC13,LDAC 

RINO 

ST  0,2(2) 

JMP  ROUT 

B0CC15,DISP 

LD0,(3) 

ADD  3,  ONE;       INCREMENT  ADDRESS 

JMP  ROUT 


RSTOR: 


INTR: 


STFL 


LAST  6: 


ST  0,X'02 
ST  1,X'03 
ST  2,X'04 
ST  3,X'05 
PUSHF 
PULL  1 
ST  1,X'06; 
RTSO 

LD  1,X'06 
PUSH  1 
PULLF 
LD  0,X'02; 
LD  1,X'03 
LD  2,X'04 
LD  3.X'05 
RTSO 
.PAGE 

B0CC8,STFL 
JSR  SAVE; 
PULLO 
PUSHO 
ROUT  0; 
HALT 
RINO; 
BOC  CI, .+3; 
JSR  RSTOR; 
RTI   ; 

PULLO 
JMP SET; 
LT0,-1 
ROUTO 
HALT 
JMP  BEGIN 
.WORD  6 
.END 


SAVE  ACO  -  ACS  IN  LOCATIONS  X'02  -  X'05. 


SAVE  FLAGS  IN  LOCATION  6. 


RESTORE  ACCUMULATORS. 


INTERRUPT  SERVICE  ROUTINE  FOR  HALT  AND  STACKFULL' 


SAVE  ACCUMULATORS  IN  LOCATIONS  2,3,4  AND  5. 


INTERRUPT  ADDRESS  IS  DISPLAYED. 

READ  SWITCHES 

IF  SWITCHES  ARE  SET  TO  ALL  ZEROS,  'EXECUTE'  CAUSES 

A  RETURN  TO  THE  CONTROL  PANEL  ROUTINE. 

IF  SWITCHES  ARE  SET  TO  ANY  NON-ZERO  NUMBER,  'EXECUTE 

CAUSES  A  NORMAL  RETURN  FROM  INTERRUPT. 

RETURN  TO  CONTROL  PANEL  ROUTINE. 

;      NON  RECOVERABLE  SITUATION;  "INITIALIZE"  RETURNS 
;      CONTROL  TO  PANEL. 
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2.4        CONTROL  PANEL  WIRE  LIST 

The  wire  list  for  the  connections  between  the  control  panel  card  and  the  IMP-16C  is 
provided  in  table  2-1. 

Note  that  the  switches  from  the  control  panel  are  brought  out  directly  to  terminals. 
When  these  lines  are  connected  to  the  IMP-16C,   no  other  lines  may  be  connected  to 
the  same  bus.      Therefore,    if  it  is  desired  to  hook  up  other  equipment  on  the  input 
data  bus,    the  switch  lines  from  the  control  panel  must  be  passed  through  buffers  with 
tri -state  outpits  that  may  be  disabled. 
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Figure  3-1.     Serial  Teletype  Interface,    Flag  Controlled 
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CHAPTER  3 
SERIAL  TELETYPE  INTERFACES 


3.1  GENERAL  INFORMATION 

Two  program -controlled  teletype  interfaces  are  presented  in  this  chapter.      The  first 
is  a  simple,    economical     interface  that  employs  control  flags.      The  second  interface 
requires  more  hardware  since  it  employs  device  address  decoding,    but  this  interface 
has  the  advantage  of  being  completely  software -supported  and  does  not  tie  up  user 
flags.      Each  of  these,    along  with  sample  programs,    is  described  in  the  following 
paragraphs. 

3.2  PROGRAM-CONTROLLED  INTERFACE  USING  FLAGS 

A  very  simple  teletype  interface  can  be  built  using  two  thirds  of  a  DM7404  package 
and  a  few  discrete  elements.      This  interface  permits  communication  with  the  IMP-16C 
via  a  user  jump  condition  and  two  user  control  flags.      This  approach  eliminates  the 
need  for  device  address  decoding  and, consequently,    turns  out  to  be  a  very  economical 
implementation.      Since  the  address  fields  of  the  RIN  and  ROUT  instructions  are  not 
used,    AC 3  is  not  tied  up  any  more  and  can  be  used  freely  by  the  programmer.      The 
circuit  schematic  is  given  in  figure  3-1. 

The  listings  provided  under  paragraphs  3.2.1  and  3.2.2  describe  a  character -read 
routine  (RECV)  and  a  character -transmit  routine  (SEND)  that  receives/sends  bit-serial 
information  between  the  TTY  and  the  IMP-16C.      User  jump  condition  14  (JC14)  is 
used  for  data-in  and  flag  12  (F12)  is  used  for  data-out.      An  additional  flag  (Fll)  is 
used  as  a  reader-enable  control  signal. 

NOTE 

1.  In  figure  3-1,  an  optional  7475  is  used  to  synchronize 
the  jump  condition  input  into  the  IMP-16C  to  assure 
that  the  signal  is  stable  between  successive  T4  times 
of  any  microcycle  sequence.     This  is  recommended  to 
prevent  the  rare  (but  possible)  occurrence  of  the  jump 
condition  input  making  a  transition  during  the  leading 
edge  of  phase  2.     On  the  IMP-16C/200,  C/300  this 
circuit  is  already  provided. 

2.  The  mnemonic  TTY  is  used  frequently  to  denote 
"teletype. " 

3.2.1    Teletype  Transmit  Character  Routine 

This  routine  takes  one  character  (right  justified  in  ACO)  and  sends  it  to  the  TTY. 
Since  this  is  written  as  a  subroutine,  accumulators  0,  1,  and  2  are  saved  on  the 
stack  before  being  used  in  the  routine  as  temporary  storage  areas. 
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.PAGE 

•TRANSMIT 

XMIT  = 

h 

SEND:   PUSH 

2 

PUSH 

1 

SFLG 

XMIT 

JSR 

DELAY 

LI 

2.8 

PUT:    PFLG 

XMIT 

BOC 

5.$XX 

SFLG 

XMIT 

$XX:    JSR 

DEUY 

SHR 

0.1 

AISZ 

2,-1 

JMP 

PUT 

PFLG 

xr^iT 

JSR 

DEUY 

JSR 

DELAY 

PULL 

1 

PULL 

2 

RTS 

CHARACTER  ROUTINE' 

;  TELETYPE  TRANSMIT  FUG 
;  SAVE  ACCUMUUTORS. 

;  SEND  START  BIT. 

;  DEUY  INTO  FIRST  DATA  BIT. 

;  SET  BIT  COUNT. 

;  CLEAR  TRANSMIT  FLAG. 

;  SEND  DATA  BIT. 

.•?  TEST  TO  SEE  IF  DONE. 
;  SEND  TV^  STOP  BITS. 


The  DELAY  subroutine  below  is  used  in  the  routine  above  and  in  the  RECV  routine  to 
provide  the  required  delay  between  the  teletype  bits  that  are  being  processed  serially. 


DELAY: 

LD 

1,V2 

AISZ 

1,-1 

JMP 

.-1 

RTS 

VI: 

.WORD 

OlBl 

V2: 

.WORD 

035E 

;,  LOAD  TIMING  PARAMETER 


3.2.2    Teletype  Receive  Character  Routine 

This  routine  takes  one  character  from  the  TTY  and  loads  it  into  ACO  (right  justified). 

A  loader  that  reads  IMP-16     Assembler -generated  load  modules  (RLMs)  and  that  loads 
memory  is  described  in  chapter  5.      The  programs  described  in  section  3.2  may  be 
used  in  conjunction  with  the  control  panel  described  in  chapter  2. 
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RECV: 


REP: 


.PAGE 

'TELETYPE 

JClft 

=  llf 

READR 

=  3 

CI 

=  1 

C2 

=  2 

PUSH 

1 

PUSH 

2 

PFLG 

2 

LI 

2.8 

SFLG 

READR 

BOC 

JCU,.+2 

JMP 

.-1 

LD 

1,V1 

JSR 

DELAY+1 

PFLG 

READR 

BOC 

JC1U..+2 

JMP 

RECV+2 

JSR 

DELAY 

SHR 

0.1 

BOC 

JCltj..+2 

OR 

0,H8000 

AISZ 

2,-1 

JMP 

REP 

JSR 

DELAY 

SHR 

0,8 

PULL 

2 

PULL 

1 

RTS 

GET  CHARACTER  ROUTINE' 

;  INPUT  JUMP  CONDITION. 
;  READER  ENABLE  FLAG. 


;  SAVE  ACCOIULATORS. 

;  DISABLE  LINK. 

;  SET  COUNT  FOR  8  BITS. 

;  TEST  FOR  START  BIT. 

;  LOOP  UNTIL  FOUND. 

;  LOAD  TIMING  PARAMETER. 

;  DELAY  HALF  BIT  TIME. 

;  TEST  FOR  DATA  BIT. 


DECREMENT  COUNT. 


H8000:  .WORD   08000 


MASK  WORD 


3.3         PROGRAM-CONTROLLED  INTERFACE  USING  DEVICE  ADDRESSES 

A  more -conventional  (in  terms  of  minicomputer  type  of  usage)  TTY  interface     uses  a 
peripheral  device  address  decoder.      This  approach  obviously  requires  more  hardware, 
but  it  has  the  advantage  of  being  software -supported  because  IMP-16L  TTY  routines 
may  be  used  directly     and  does  not  tie  up  any  user  flags. 

This  teletype  interface  is  a  full-duplex,    bit-serial  communication  path  that  allows  the 
processor  to  send  or  receive  serial  bit  streams  to  and  from  the  teletype.      The  for- 
matting and  timing  of  the  bit  stream  must  be  controlled  by  the  processor.      All  com- 
munication between  the  processor  and  the  interface  is  over  the  system  data  bus. 

Figure  3-3  shows  the  hardware  required  for  this  type  of  interface.      The  driver  circuits 
are  the  same  as  described  in  3.2.      The  8-bit  device  address  and  3-bit  order  field  are 
decoded  by  DM7430  gate  and  a  DM74155  3-to-8-line  decoder. 

The  data  received  by  the  teletype  may  be  read  over  the  system  data  bus  in  bit  posi- 
tion 15  by  use  of  the  RIN  instruction.      The  data  format  is  shown  in  figure  3-2. 
Bits  0  through  14  are  undefined  and  should  be  masked  by  the  program.      The  bits 
comprising  the  character  will  be  input  serially,    least  significant  bit  first. 
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Figure  3-2.      Teletype  Data  Word  Format 


The  teletype  transmit  circuits  may  be  instructed  to  transmit  a  1  or  a  0  by  use  of  the 
ROUT  instruction.      Once  set  to  a  value,    the  circuits  continue  to  transmit  that  value 
until  instructed  to  transmit  another  value  or  cleared  with  a  RESET  order.      The 
transmit  value  is  set  from  bit  15  of  the  data  bus.      Bits  0  through  14  are  not  used 
and  may  be  any  value.      The  bits  comprising  the  character  should  be  transmitted 
serially,    least  significant  bit  first. 

The  paper  tape  reader  control  may  be  used  for  teletypes  that  have  a  paper  tape 
reader  control  circuit.      This  optional  feature  allows  program  control  of  the  tape 
reader;  this  is  especially  desirable  for  applications  where  the  data  are  processed  as 
they  are  read  as  the  reader  may  be  stopped  during  data  processing.      Six  order  codes 
are  acknowledged  by  the  teletype  interface.      These  are  listed  in  table  3-1.      The  effect 
of  each  order  is  explained  below.      Those  orders  marked  with  an  asterisk  are  not  used 
in  the  program  examples  given  here. 

RIN  Code  2  -  Bit  15  of  the  data  bus  is  set  equal  to  the  output  of  the  teletype. 
The  processor,    in  turn,   will  transfer  the  data  bus  to  AGO.      A  binary  1  repre- 
sents a  teletype  mark,   and  a  binary  0  represents  a  teletype  space.      Bits  0 
through  14  are  undefined. 

RIN  Code  4    -  The  paper  tape  reader  is  turned  on. 

RIN  Code  5  -  The  interrupt  request  and  interrupt  enable  flags  are  turned  off. 
The  teletype  output  is  set  to  the  idle  (marking)  state.  The  paper  tape  reader 
enable  is  turned  off. 

*RIN  Code  6  -  The  teletype  responds  to  the  "Interrupt  Select  Status  1"  order  by 
setting  data  bit  7  equal  to  the  state  of  the  interrupt  request  flag. 

*ROUT  Code  1  -  The  interrupt  enable  flag  is  turned  on. 

ROUT  Code  3  -  The.  teletype  transmit  circuit  is  set  to  the  value  of  data  bit  15. 

ROUT  Code  4   -  The  paper  tape  reader  is  turned  on. 

ROUT  Code  5  -  The  interrupt  request  and  interrupt  enable  flags  are  turned  off. 
The  teletype  output  is  set  to  idle  (marking)  state.      The  paper  tape  reader 
enable  is  turned  off. 
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Table  3-1.      Serial  Teletype  Order  Codes 


Instruction 

Order  Code 

Action 

RIN 

000 

NO  ACTION 

001 

NOT  ALLOWED 

010 

READ  BIT  FROM  TTY 

Oil 

NOT  ALLOWED 

100 

START  TAPE  READER 

101 

RESET 

110 

INT  STATUS  TO  BIT  7* 

111 

NO  ACTION 

ROUT 

000 

NO  ACTION 

001 

SET  INTEN  =  DATA  BIT   15* 

010 

NOT  ALLOWED 

oil 

WRITE  BIT  TO  TTY 

100 

START  TAPE  READER 

101 

RESET 

110 

NOT  ALLOWED 

111 

NO  ACTION 

The  program  listings  that  follow  show  the  corresponding  receive  and  transmit  routines 
for  this  hardware.      For  these  programs,    the  teletype  has  been  assigned  a  peripheral 
address  of  OOSS^g,    and  the  various  order  codes  are  given  in  table  3-1. 

3.3.1    Teletype  Transmit  Character  Routine 

This  routine  takes  one  character  (right  justified  in  ACO)  and  sends  it  to  the  TTY. 
Since  this  is  written  as  a  subroutine,    the  contents  of  accumulators  1  and  2  are 
saved  in    memory    before  the  accumulators  are  used  in  the  routine  as  temporary 
storage  areas. 
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PUTC: 


LP2: 


DONE; 


.PAGE 

'TELETY 

IIYAD 

=  7*8 

SEND 

=  3 

ST 

1.7 

ST 

2,8 

PFLG 

2 

LD 

l.Vl 

JSR 

DEUY+1 

LI 

2.9 

LI 

3,TTYAD 

ROUT 

SEND 

JSR 

DELAY 

AISZ 

2.-1 

JMP 

.+2 

JMP 

DONE 

ROR 

0,1 

ROUT 

SEND 

JMP 

LP2 

LI 

0,-1 

ROUT 

SEND 

JSR 

DELAY 

LD 

1.7 

LD 

2.8 

RTS 

'TELETYPE  PUT  CHARACTER  ROUTINE' 

;  TELETYPE  ADDRESS 


SAVE  ACCUMULATORS. 


CHECK  TO  SEE  IF  DONE 


SEND  STOP  BIT. 


RESTORE  ACCUMULATORS, 


3,3.2    Teletype  Receive  Character  Routine 

This  routine  takes  8  bits  of  serial  data  from  the  teletype  transmitter  interface  and 
packs  them  into  AGO  with  the  bits  right -justified. 


GETC: 


.PAGE 

•TELETYPE  GE 

T  CHARACTER  ROUTINE' 

IIYAD 

=  7*8 

RESET 

=  5 

RDREN 

=  k 

READ 

=  2 

ST 

2.8 

;  SAVE  ACl  AND  AC2  IN 

ST 

1.7 

;  LOCATIONS  7  AND  8. 

PFLG 

2 

LI 

3, 1  1 YAD 

ROUT 

RESET 

LI 

2.8 

;  SET  BIT  COUNT  TO  8. 

ROUT 

RDREN 

RIN 

READ 

BOC 

2,. +2 

;  TEST  FOR  START  BIT 

JMP 

.-2 

LD 

l.Vl 

JSR 

DELAY+1 

RIN 

READ 

BOC 

2,. +2 

JMP 

GETC+3 

(listing  continued) 
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LPl: 


MASK; 


JSR 

DELAY2 

RIN 

READ 

AND 

O.MASK 

SHR 

1,1 

RXOR 

0,1 

AISZ 

2,-1; 

JMP 

LPl 

JSR 

DELAY 

SHR 

1.8 

RCPY 

1,0 

LD 

1,7 

LD 

2,8; 

RTS 

.WORD 

X»8000 

;  DEUY  ONE  BIT  TIME. 


;  TEST  TO  SEE  IF  DONE. 

;  DEUY  INTO  FIRST  STOP  BIT. 

;  RESTORE  ACCUMULATORS. 


The  GETC  and  PUTC  routines  use  the  same  type  of  DELAY  subroutine  as  the  RECV 
and  SEND  routines  of  the  previous  section.  Locations  7  and  8  of  main  memory  are 
used  as  temporary  storage  locations. 


DELAY: 

LD 

1,V2 

AISZ 

1,-1 

JMP 

.-1 

RTS 

DEUY2: 

LD 

0,V2 

AISZ 

0,-1 

JMP 

.-1 

RTS 

VI: 

.WORD 

t^33 

Ml: 

.WORD 

862 

;  DELAY  PARAMETERS 


3.3.3    Teletype  Get  Character  and  Echo  Routine 

This  routine  takes  8  bits  of  serial  data  from  the  teletype  transmitter,    packs  them 
into  AGO  with  the  bits  right- justified,   and  also  echoes  the  character  back  to  the 
teletype  receiver.      The  echo  operation  is  done  bit -by -bit  so  that  the  maximum  rate 
of  character  processing  can  be  achieved.      The  program  listing  follows  on  page  3-9. 

3.4        TELETYPE  TIMING  PARAMETERS 

All  the  teletj^e  programs  described  in  this  chapter  utilize  software  delay  routines  to 
time  the  serial  transmission  of  teletype  data  bits.    These  routines  have  timing  parame- 
ters that  provide  l/2-bit  and  1-bit  delays  based  on  a  teletype  speed  of  110  bits/second. 
The  following  example  shows  how  the  parameter  VI  in  the  delay  routine  is  derived.    A 
similar  calculation  yields  V2. 


Time  for  AISZ  instruction 
Time;  for  JMP  instruction 
l/2-bit  delay  time 

VI 


4  X  1.4  +  0.35  MS  =  5.95  fis 
3  X  1.4  +  0.35  MS  =4.55  ms 
4.  545    ms 


4.  545  X  10 


-3 


(5.95  +  4.55)10 


-6 


=  433 
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.PAGE    'TELETYPE  GET  CHARACTER  ROUTINE  WITH  ECHO* 


TTYAD 

= 

7*8 

READ 

= 

2 

SEND 

s 

3 

RDREN 

= 

k 

RESET 

s 

5 

GECHO: 

ST 

AC2^8 

ST 

AC1^7 

PFLG 

2 

LI 

AC3^TTYAD 

ROUT 

RESET 

LI 

AC2^8 

ROUT 

RDREN 

RIN 

READ 

BOC 

2,. +  2 

JMP 

.-2 

LD 

ACO^Vl 

JSR 

DELAYO+1 

RtN 

READ 

BOC 

2^. +  2 

JMP 

GECHO+3 

LP3: 

ROUT 

SEND 

JSR 

DELAYO 

RIN 

READ 

AND 

ACO^MASK 

SHR 

ACl^l 

RXOR 

ACO^ACl 

AISZ 

AC2^-1 

JMP 

LP3 

ROUT 

SEND 

JSR 

DELAYO 

L! 

ACO^-1 

ROUT 

SEND 

SHR 

AC1^8 

RCPY 

ACl^ACO 

LD 

AC1^7 

LD 

AC2^8 

RTS 

;  SAVE  ACl  AND  AC2  IN 
;  LOCATIONS  7  AND  8 


RESET  TELETYPE 
SET  BIT  COUNT  TO  8 
ENABLE  READER 

TEST  FOR  START  BIT 


;  DELAY  1/2  BIT  TIME 

;  TEST  IF  START  BIT  IS 

;  BRANCH  IF  GOOD  START 

;  ECHO  BIT 

;  DELAY  ONE  BIT  TIME 


STILL 
BIT 


THERE 


;  MASK  UNWANTED 
;  SHIFT  DATA 


ADD  NEW 
TEST  TO 


BIT 

SEE 


TO 
IF 


BITS 

DATA 
DONE 


;  ECHO  LAST  BIT 

;  DELAY  INTO  FIRST  STOP  BIT 


;  SEND  STOP  BIT 

;  SHIFT  DATA  INTO  RIGHT 

;  PUT  CHARACTER  IN  ACO 

;  RESTORE  ACCUMULATORS 


8  BITS 


MASK: 

JAIORD 

X*800G 

VI: 

.WORD 

OlBl 

V2: 

.WORD 

035E 

DELAYO: 

LD 

AC0^V2 

AISZ 

ACO^-1 

JMP 

.-1 

RTS 

;  DELAY  SUBROUTINE  (ACO) 


3-9 


SUPPLEMENT  1 


TIMING 
CHART 


READY 
PICK  COMMAND 

PICK  (SOLENOID) 

BUSY 

DATA  LINES 

INDEX  MARKS 


MODEL 

A  (msec) 

B  (msec) 

C  ( /usee) 

D  {/isec) 

E  (msec) 

M200 

24 

6.25 

1314 

2014 

8.05 

M300 

24 

2.60 

435 

870 

102.66 

M600 

24 

2.60 

435 

870 

3.48 

— 1 


l^TIME  VARIABLE 


Jl 


r 


r|^ 


'k 


1' 


vt 


/1///.I 


////|/DATA/t//// 


m L 


80  EA-r 


11 


t'//,Dmy//j 


AA 


L  -!i"!L  J 
BB 


^80  EAHa 


J 


ttttttt; 


DETAIL  AA 

BUSY- 

DflTfl    1  TNFC  - 

DATA  COLUMN  T                                 DATA  COLUMN  2 

y//////////. 
J////////-///. 

GUARANTEED     /^//////<<<///    GUARANTEED    /:i             1 

BEGIN 

•                  n                1 

r             r 

CARD 

SHADED  AREA 

- .9         err 

NOT  GUARANTEED 

READ 

CYCLE 

fl                                     ^ 

n 

inULA     IT/AiMnO 

1- 6    mSEC 

*                                U                                    ' 

DETAIL  BB 

PICK 
(SOLENOID) 

BUSY 


Hk— 1  ;xSEC 


DATA  COLUMN  80 
DATA  LINES  ;/  GUARANTEED  '\ 

J 


INDEX  MARKS 


END  CARD  READ  CYCLE 
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Figure  4-1.      Standard  Interface  Timing  for  Doeumation  M  Card  Readers 
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CHAPTER  4 


CARD.  READER  INTERFACE 


4.1 


GENERAL  INFORMATION 


Two  simple  program-controlled  card  reader  interfaces  are  described  in  this  chapter. 
The  DOCUMATION  600  (or  300)  card  reader  has  been  used  in  the  examples;    timing 
for  this  card  reader  is  shown  in  figure  4-1.      The  IMP-16C  processor  initiates  the 
operation  by  sending  out  a  "pick"  command  to  fetch  a  card.      After  the  card  has  been 
picked,    the  card  reader  sends  out  80  index  marks  that  signify  the  start  of  each 
column  of  data.      The  IMP-16C  program  detects  the  presence  of  these  marks  and 
reads  and  stores  each  column  of  data  into  an  80-word  buffer. 

There  are  two  ways  to  effect  this  operation:     one  method  that  uses  only  five  IC 
packages  makes  use  of  two   control  flags  and  no  device  address  decoding.      This 
approach  has  the  advantage  of  being  economical  and  simple  to  implement,    but  it  ties 
up  two  of  the  six  available  user  control  flags.      The  second  method  does  not  use  any 
flags  but  requires  more  hardware  to  achieve  the  same  purpose.      Each  of  these  two 
methods  is  described  in  the  following  paragraphs. 


4.2 


PROGRAM  CONTROLLED  INTERFACE  USING  CONTROL  FLAGS 


The  following  program  segment  shows  how  to  read  an  80-column  card  and  store  the 
data  into  a  buffer.      The  hardware  for  this  is  shown  in  figure  4-3.      For  this  method, 
no  peripheral  addresses  are  required;  as  a  matter  of  fact,    no  RIN  or  ROUT  instruc- 
tions are  required  for  anything  other  than  actual  input  of  data.      All  other  control 
operations  are  effected  with  the  SFLG  and  PFLG  instructions. 


The  circuits  shown  in  figure  4-3  are  used  with  the  control  panel  of  chapter  2.      When 
used  in  this  mode,    the  switches  from  the  control  panel  are  wired  into  the  SW  inputs  of 
the  DM8123  multiplexers   (as  shown  in  figure  4-3)  instead  of  directly  to  the  SW  lines 
of  the  IMP-16C  card.      Flag  14  (under  program  control  in  the  RDCARD  routine)  selects 
either  the  switches  or  the  card-reader  for  data  input  to  the  IMP-16C.    The  block  dia- 
gram below  shows  the  arrangement  of  this  interface  and  a  control  panel  with  the  IMP-16C. 


CONTROL  PANEL 
(IMP-OOH/882) 


BDO 


SW 


1 


SW 


r\   A   "T  A 

CARD  READER 
INTERFACE 
(Figure  4-3) 

DATA 

SW 

CARD  READER 
(Documation) 

DATA 

CONTROL 

PICK 

F13,F14 

'                 '^ 

■^ 

IMP-16C 


Figure  4-2.    IMP-16C  and  Control  Panel  Interface,  Block  Diagram 
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DOCUMATION 

CARD 
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SW 
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15  1 


-(    74H08 

V  I " 

/  \ ^' 

-(     74H08 
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Figure  4-3.      Card  Reader  Interface,    Flag-Controlled 
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SUPPLEMENT  1 


BITO  = 

3 

BIT!  = 

k 

PICK  = 

5 

READCARD  =  6 

BUFFER 

=  256  -  8 

RDCARD: 

PUSH 

2 

$2: 

LD 

3,ABUF 

LI 

2^80 

SFLG 

PICK 

$0: 

SFLG 
RIN 

READCARD 

BOC 

BIT0,$1 

SKAZ 

0^$C 

MP 

INERR 

BOC 

BIT1,$0 

INERR: 

RCPY 

RO^Rl 

PFLG 

PICK 

LI 

R0,1 

HALT 

JMP 

$2 

$C: 

.WORD 

OC 

$1: 

PFLG 

PICK 

PFLG 

READCARD 

SHR 

o.u 

ST 

0,(3) 

AISZ 

3,1 

AISZ 

2,-1 

JMP 

$0 

PULL 

2 

ABUF: 

.VK3RD 

BUFFER 

;  LOAD  ADDRESS  OF  BUFFER. 

;  SET  COLUMN  COUNT. 

;  ENABLE  PICK  FLAG. 

;  ENABLE  DATA  INPUT  BUFFERS. 

;  GET  DATA. 

;  TEST  INDEX  MARK. 

;  TEST  HOPPER  AND 

;  MOTION  CHECK. 

;  TEST  READY. 


;  START  COLIMN  DATA  PROCESSING, 

;  DISABLE  PICK  AND   INDEX  FF. 

;  STRIP  STATUS  BITS. 

;  SAVE  CHARACTER  IN  BUFFER. 

;  INCREMENT  BUFFER  ADDRESS. 

;  DECREMENT  COLUMN  COUNT. 

;  JUMP  TO  READ  NEXT  COLUMN 

;  ADDRESS  OF  BUFFER  HERE. 


4.3         PROGRAM  CONTROLLED  INTERFACE  USING  DEVICE  ADDRESSES 

This  approach  is  a  more -conventional  approach  to  I/O  interfacing  because  it  makes 
use  of  decoded  device  addresses  provided  by  RIN  and  ROUT  instructions.      The  num- 
ber of  ICs  required  increases  slightly. 

The  program  listing  below  describes  a  read  card  routine  that  works  with  this  inter- 
face.     The  hardware  is  shown  in  figure  4-4. 

Note  that  this  interface  does  not  depend  on  the  use  of  the  simple  control  panel  because 
a  unique  device  address  has  been  assigned  to  the  card  reader.      All  peripheral  de- 
vices (including  any  type  of  control  panel)  would  communicate  with  the  IMP-16C  card 
via  a  tri -state  input  bus  connected  to  the  SW  lines.      In  order  words,   only  one  device 
at  a  time  controls  the  input  bus  as  selected  by  the  appropriate  device  address.      The 
control  panel  (switches  and  lights)  would  have  its  own  device  address. 
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SUPPLEMENT  1 


.PAGE 

'READCARD 

CRADR  = 

02*8 

PICK  = 

2 

RESET  = 

3 

READ  = 

1 

RDCARD: 

PUSM 

2 

PUSH 

1 

LD 

2^ ABUF 

LI 

3^ CRADR 

Lf 

1,80 

ROUT 

PICK 

$STRT: 

RIN 

READ 

BOC 

BITl,.+2 

JMP 

.-2 

BOC 

BITO.COL 

SKAZ 

0,$C 

JMP 

MOTERR 

JMP 

$STRT 

COL: 

ROUT 

RESET 

SHR 

0,if 

ST 

0,(2) 

ADD 

2,$0NE 

AISZ 

l.-l 

JMP 

$STRT 

PULL 

1 

PULL 

2 

RTS 

$C: 

.ViORD 

OC 

MOTERR: 

RCPY 

0.1 

ROUT 

RESET 

LI 

0,1 

HALT 

ABUF: 

.WORD 

0 

$one: 

.WORD 

1 

ROUTINE' 

;  CARD  READER  ADDRESS 
;  PICK  COMMAND  ORDER  CODE. 
;  RESET  PICK  FLIP-FLOP. 
;  READ  DATA 


;  LOAD  CARD  READER  ADDRESS. 

;  GET  CARD 

;  GET  DATA 

;  LOOP  UNTIL  READY. 

;  TEST  FOR  INDEX  M/^.RK. 

;  TEST  FOR  HOPPER/MOTION  CHECK. 


;  STRIP  STATUS  BITS. 

;  SAVE  DATA  IN  BUFFER 

;  INCREMENT  BUFFER  ADDRESS 

;  DECRB^Errr  COLUMN  COUNT 


;  ADDRESS  OF  BUFFER  HERE. 
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DOCUMATION 
CARD  READER 


Figure  4-4.     Card  Reader  Interface,  Device  Address -Controlled 
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SUPPLEMENT  1 


CHAPTER  5 


LOADER  ROUTINES 


5.1 


GENERAL  INFORMATION 


The  IMP-16     Assembler  creates  load  modules  (tapes  or  cards)  from  source  programs 
written  in  assembly  language.      These  load  modules  (called  RLMs)  contain  the  object 
code  for  the  program  to  be  executed,    relocation  information,    and  other  loading  infor- 
mation,   arranged  in  four  kinds  of  records:     a  "title"  record,    one  or  more  "symbol" 
records,    one  or  more  "data"  records,    and  an  "end"  record.     Specific  details  of  the 
various  record  formats  are  given  in  the  IMP-16     Assembler  Manual  (4200002). 

The  loader  programs  described  in  the  following  paragraphs  may  be  used  with  the 
routines  and  programs  presented  in  chapters  3  and  4. 

5.2        ABSOLUTE  LOADER  (ABSLDR) 

The  following  loader  program  takes  an  absolute  paper  tape  (in  RLM  format)  and 
loads  it  into  memory  from  a  starting  address  defined  on  the  tape.      After  loading  the 
program,    the  IMP-16C  halts  and  the  program  entry  address  is  displayed.      If  EXECUTE 
is  pressed,    the  processor  jumps  to  the  loaded  program  and  begins  execution. 


This  loader  program  may  be  used  with  any  of  the  TTY  routines  described  in  chap- 
ter 3.      That  is,   either  GETC  or  RECV  and  PUTC  or  SEND  may  be  used.      The  list- 
ings shown  here  call  SEND  and  RECV,    but  the  JSR  calls  may  be  changed  appropri- 
ately to  call  PUTC  and  GETC  respectively. 

'TTYLDR  FROM  RLM  TAPES' 

;   LOOK  FOR  SIX  CHARACTER. 

;  START  PROCESSING  RECORD  CONTROL   INFO 
;    IF  BIT15=1  GO  TO  TITLE^  SYMBL  PRCSSING 

;    IF  BITl't=0  GO  TO  DATA  RECORD. 


.PAGE 

'TTYLDR 

ABSLDR:  JSR 

RECV 

AISZ 

0.-2 

JMP 

ABSLDR 

JSR 

RDPACK2 

BOC 

C2^T0RS 

SHL 

0.1 

BOC 

C2,.+2 

JMP 

ENDREC 

DATREC:  SHR 

0.1 

RCPY 

0.3 

JSR 

RDPACK2 

RCPY 

0.1 

PUSH 

0 

CAI 

1.1 

JSR 

RDCHK 

JSR 

RDCHK 

RCPY 

0.2 

JSR 

RDCHK 

JSR 

RDCHK 

RADD 

2.3 

CAI 

3.1+U 

SAVE  CHECKSUM  WORD. 


(listing  continued) 
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LOAD:   JSR 
ST 
ADD 
RCPY 
RADD 
BOC 
JMP 

RDCHK:  JSR 
RADD 
RTS 

CKTEST:  PULL 
BOC 
RCPY 
BOC 
LI 
HALT 

TORS:  AND 
RCPY 
JSR 
AISZ 
JMP 
JSR 
JMP 

ENDREC:  JSR 
JSR 
JSR 
HALT 

RDPACK2:JSR 
PUSH 
SHL 
PUSH 
JSR 
PULL 
RXOR 
PULL 
RTS 


RDCHK 

0,(2) 

2,$0NE 

2.0 

3.0 

C2, CKTEST 

LOAD 

RDPACK2 

0.1 

0 

Cl.ABSLDR 

1.0 

Cl.ARSLDH 

0,X'33 

0,H3FFP 

0,1 

RDPACK2 

l.-l 

.-2 

RDPACK2 

ABSLDR 

RDPACK2 

RDPACK2 

RDPACK2 

RECV 

1 

0,8 

0 

RECV 

1 

1.0 

1 


;'  INCREMEMT  ADDRESS. 


5  CHECKSUM  TEST 


CHECKSUr^  ERPX)R. 


.;  READS  AND  PACKS  TWO  CHAR  IN  ACO. 


5.3         PAPER  TAPE  BOOTSTRAP  LOADER  (PTBOOT) 

For  programs  of  short  length,  it  is  sometiTties  desirable  to  load  directly  into  memory 
without  going  through  an  assembly.    For  such  cases,  the  following  program  serves  the 
purpose  of  loading  hexadecimal  information  directly  from  paper  tape.    The  loader  format 
is  laid  out  such  that  the  first  4  hexadecimal  characters  (that  is,  4  rows  of  8-bit  ASCII 
coded  characters)  from  the  paper  tape  are  interpreted  as  the  starting  address.  All  subse- 
quent blocks  of  4  characters  each  are  interpreted  as  data  and  packed  into  16-bit  words. 
The  last  recognizable  character  on  the  tape  should  be  "!",    All  data  characters  are 
arranged  so  that  the  most  significant  bits  appear  first.    The  PTBOOT  program  reads  the 
tape  and  returns  control  to  the  panel  routine.    This  assumes  that  this  program  is  used 
with  the  control  panel  routine  described  in  chapter  2.    PTBOOT  calls  the  teletype  RECV 
routine  described  in  3.  2.  2. 
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SUPPLEMENT  1 


PTBOOT  PROGRAM 


LOOPl: 

LI  l,k 

JSR  PTBOOT 

• 

RCPY  2,  S.- 

L00P2: 

LI  hk} 

JSR  PTBOOT 

ST  2,(3); 

ADD  3,0NE; 

JMP  L00P2 

LI  0,X'77; 

HALT; 

PTBOOT: 

JSR  RECV; 

PACK: 

AND  0, MSKPAR; 

SKNE  0, EXCLAM; 

JMP  $0UT 

SKNE  0, CRETRN; 

JMP  PTBOOT 

SKNE  0, LINEFD; 

JMP  PTBOOT 

SKAZ  0, NUMBER; 

JMP  Hm 

SKAZ  0,  ALPHA; 

JMP  ALFA 

LI  0,3; 

JMP  0; 

ALFA: 

ADD  0,NINE; 

NUM: 

AND  0,MSK1 

SHL  2,  It 

RXOR  0,2 

AISZ  1,-1 

JMP  PTBOOT 

RTS 

$OUT: 

PULL  1 

PULL  1 

HALT 

NINE: 

.WORD  9 

MSKPAR: 

.WORD  07F 

MSKl: 

.WORD  OF 

NUMBER: 

.l^RD  030 

ALPHA: 

.WORD  OitO 

CRETRN: 

.WORD  OD 

LINEFD: 

.WORD  OA 

EXCLAM: 

.WORD  021 

RECVl: 

.WORD  RECV 

READ  FIRST  k  V/ORDS;  THIS   IS  THE 
STARTING  ADDRESS. 


READ  AND  STORE  k  HEX  I'/ORDS. 
INCREMENT  MEMORY  ADDRESS. 

ERROR  CODE  X*77 
ATTEMPTED  TO  LOAD  LOC  0. 
GET  ONE  WORD. 
MASK  OUT  PARITY  BIT. 


IGNORE     CARRIAGE  RETURN. 
IGNORE  LINEFEED. 


ERROR  CODE:    INVALID  CHARACTER. 


5.4        CARD  READER  LOADER  (CRLM) 

This  loader  program  takes  an  absolute  RLM  in  card  format  and  loads  it  into  memory. 
It  uses  80  words  of  memory  as  a  temporary  buffer.      For  the  example  program  given 
here,   locations  176    to     255  in  base  page  are  used  for  the  buffer.      The  object  deck  to 
be  loaded  must  be  followed  by  a   !G  card.      This  loader  routine  calls  a  RDCARD  sub- 
routine,  which  may  be  any  one  of  the  two  described  in  chapter  4. 
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THIS  IS  AN  ABSOLUTE  LOADER  FOR  THE  IMP-16C/P  SYSTEM 

(  BASE  PAGE  VERSION  ). 

THIS  PROGRAM  READS  ONE  RLM  FROM  THE  CARD  READER  AND 
LOADS  IT  INTO  MEMORY.  THE  RLM  MUST  HAVE  BEEN  PUNCHED 
INTO  CARD  COLUMNS  1-72^  AND  CAN  CONTAIN  PUNCH  CODES 
ONLY  FOR  THE  CHARACTERS  0^1, .. .^9^A^B^.. .^F^  OR  BLANK. 
BLANKS  WILL  BE  TREATED  AS  0. 

THE  RLM  MUST  BE  IN  STANDARD  RLM  FORf^AT.  THE  TITLE  CARD 
AND  SYfvlBOL  CARDS  ARE  IGNORED.  DATA  FR0^>1  DATA  CARDS  IS 
MOVED  TO  THE  SPECIFIED  LOAD  LOCATIONS  WITHOUT  ANY 
RELOCATION  PERFORMED.  THE  END  CARD  MUST  CONTAIN  AN 
ENTRY  POINT  ADDRESS  (SEE  ERROR  CODE  5,   BELOl'/)  AND  IS 
LAST  CARD  READ  BY  ABSCR. 


A  CHECKSUM  TEST  IS  PERFORMED  ON  ALL 
ERROR  CODE  I,   BELOW.) 


INPUT  CARDS.      (SEE 


BUFFER  AREA   IN  BASE  PAGE,   LOCS.   256-80. 


ERROR 

MEANING 

1 
2 

I/O  ERROR 
INV.  CHARACTER 

3 

CHECKSUM  ERROR 

5 

INV.  ENTRY  POINT 

ACTION 


REPLACE  CARD  IN  READER  AND  PUSH  START 
CORRECT  CARD,  REPLACE  IN  READER,  AND 

PUSH  START.   (ONLY  CODES  0,...,F 

AND  BLANK  ARE  ALLa\fED.) 
CORRECT  CARD,  REPUCE  IN  READER,  AND 

PUSH  START 
SET  CORRECT  ENTRY  POINT  INTO  REG.  1 

AND  PUSH  START. 


ALL  ERROR  CODES  ARE  LOADED  INTO  REG.  0  BEFORE  HALTING. 


.PAGE   'ABSCR  ROUTINE  -  IMP-16C' 

RO  =  0 

Rl  =  1 

R2  =  2 

R3  =  3 

BITO  =  3 

BITl  =  k 

NZERO=  5 
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SUPPLEMENT  1 


( 


INLOOP:  JSR  RDCARD; 
JSR  CNVRT; 
LD  3^ABUF; 
LD  0^(3) 
AND  0,r^SK3 
RCPY  0^2 
LI  1,0; 
SKNE  1^1(3); 
JMP  VALID 

CKSUML:  ADD  1^2(3) 
AISZ  3,1; 
AISZ  2^-1; 
JMP  CKSUML 
LD  3,ABUF 
SKNE  1,1(3); 
JMP  VALID 

ERR3:   LI  0,3; 
HALT 
JMP  INLOOP 

VALID:  LD  2,(3) 
SHR  2,  lit; 
ADD  2,JTBL 
JMP  @(2); 


READ  ONE  CARD. 
PACK  DATA. 


survi=o 

IF  CHECKSUf^  =  0,  DATA  VALID. 


INCREMENT  ADDRESS 

COMPARE  SUM&CKSUM. 

ERROR  CODE  3;  CHECKSUM  ERROR 


ISOUTE  CODE  FOR  RECORD  TYPE. 
AC2  <-  CODE  +  JUMP  TABLE  ADDRESS. 
JUMP  TO  PROCESS  RECORD  TYPE. 


TITLE:  JMP  INLOOP; 


IGNORE  TITLE  CARD. 


SYMBOL:  JMP  INLOOP; 


IGNORE  SYMBOL  CARD. 


END:    LD  1,3(3); 
ST  1,8; 
JMP  INLOOP 


SAVE  PROGRAM  ENTRY  POINT 
LOCATION  8  HAS  ENTRY  POINT 


(listing  continued) 
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EBUF: 

BUFFER 

ATBL: 

ETBL: 

JTBL: 


.igORD 
=  256 
.l^ORD 
.WORD 

.WORD 


JUMPTBLt.WORD 


BUFFER+72; 

80 

TBL; 

TBL+15; 

JUfvlPTBL; 

T ITLE,  SYNEOUDATA,  END; 


DATA: 


DLOOP: 


LD 

AISZ 

AISZ 

LD 

ST 

AISZ 

AISZ 

AISZ 

JMP 

JMP 


R2/5(R3); 

RO,-li; 

R3,6; 

R1,0(R3); 

^,0(R2X; 

R3.1; 

R2^1; 

RO/-a; 

DLOOP; 

IMLOOP; 


.PAGE   'HOLLER^ITH 

ENTRY  =  8; 
CNVRT:  LD  3,ABUF; 

RCPY  3^2 

LD  1,(3) 

SKNE  l^EXCIAfvl; 

JMP  .+2 

JMP  LOOPl 

LD  1,1(3) 

SKNE  1,G 

JMP  .+2 

JMP  LOOPl 

PULL  0; 

LD  2, ENTRY 

SKG  2,  ZERO; 

JMP  ERR0R5; 
$EX:     LI  3,1; 

JMP  (2); 
ERRORS:  LI  0,5; 
ZERO:   HALT 

RCPY  1,2; 

JMP  $EX; 


A  <~  INITIAL  LOAD  ADDRESS 

L  <—  L   -  k   (SKIP  OVER  RELOC.  INFO) 

P  <—  P  +  6  (SKIP  OVER  RELOC.  INFO) 

l^DRD(A)  <—  WORD(P) 

P  <—  ?P  +  1 

^  <~  A  =+  1 

iL  <—  L  -  1,   SKIP  IF  DONE 

LOOP  FOR  NEXT  WORD 

mOP  FOR  NEXT  CARD 

iro  BINARY*CONVERSION' 

ENTRY  POINT  IN  LOCATION  8. 
FETCH  BUFFER  ADDRESS. 


Wf   "■•G"  CARD,  GO  TO  ENTRY  POINT 


£XilT  FROM  SUBROUTINE;  POP  STACK 

IF  ENTRY  POINT  >0,  SKIP 

ELSE  ERROR  CODE  5. 

IDENTIFY  LOAD  DEVICE  AS  CARD  READER 

JUMP  TO  LOADED  PROGRAM 

ERROR  5:  INVALID  ENTRY  POINT. 

HALT  AND  THEN 

JUr4P  TO  LOADED  PROGRAM. 


LOOPl: 


L0OP2: 


ERR2: 


LI  Q,-k 
LD  1,(3) 
ST  3,7; 
LD  3, ATBL 
SKNE  1,(3) 
JMP  STEP2 
ADD  3,TBL+9; 
SKG  3, ETBL; 
JMP  L00P2 
SKNE  1,ZER0; 
JMP  BLANK 
LI  0,2; 
HALT; 
PULL  0; 
JMP  INLOOP 


SAVE  CURRENT  BUFFER  LOCATION 


INCREMENT  ADDRESS 
SKIP  If  END  OF  TABLE 

IF  NOT  BLANK  THEN  SKIP. 

INVALID  CHARACTER. 
HALT  ATJD  THEN 
REREAD  CARD. 
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BUNK: 

LD  3^ATBL 

STEP2: 

SUB  3,ATBL 

LD  1^9 

SHL  1,U 

RXOR  3,1; 

ST  1,9; 

LD  3,7; 

ADD  3,TBL+9; 

AISZ  0,1; 

MP  LOOPl+1 

ST  1,(2); 

ADD  2,TBL+9 

SKNE  3,EBUF 

RTS 

JMP  LOOPl 

MERGE  k   BITS  AT  A  TIME. 

SAVE  PARTIALLY  PACKED  WORD. 

GET  BUFFER  LOCATION 

INCREMEfJT  BUFFER  LOCATION 

CHECK  TO  SEE  IF  It  VJORDS  COLLECTED. 

STORE  PACKED  KORD 


MASKl:  .WORD 

mSK3:  .WORD 

THREE:  .VJORD 

EXCLAM:  .lORD 


G: 
TBL: 


.WORD 
.VJORD 


fv1ASK2:  .WORD 
.V-JORD 
.WORD 
.END 


X»CO 

X»3FFF 

3 

X'lt82 

X'801* 

0200, 0100, 0080, OOUO, 0020, 0010 

0008  ;   HOLLERITH  5 

OOOit,  0002, 0001 

0900, 0880,  OStfO^  0820,  0810, 0808 

INLOOP 


;  TRANSMISSION  ERROR  OR  DATA  OVERRUN. 
;  ALL  BITS  BUT  RECORD  TYPE. 


ALSO  ERROR  CODE  FOR  CR  BUSY, 
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CHAPTER  6 


APPLICATION  PROGRAMS 


6.1 


GENERAL  INFORMATION 


This  chapter  presents  two  application  programs  that  can  be  used  to  obtain  memory 
dumps  onto  paper  tapes  as  described  in  the  following  paragraphs. 

6.2         PROM  TAPE  GENERATOR 

This  program  takes  the  contents  of  a  specified  range  of  memory  locations  and  dumps 
them  on  to  paper  tape  in  binary  8-channel  format  suitable  for  programming  ROMs  on 
the  DATA  l/O  PROM  programmer.      The  first  tape  generated  contains  the  left  byte  of 
the  16-bit  word  and  the  second  tape  contains  the  right  hyte.      This  routine  calls  the 
SEND  routine  of  the  teletype  utilities  package.      Before  executing  the  program,   AC 2 
should  contain  the  starting  address  of  the  range  and  ACS  the  final  address.      The 
DATA  I/O  machine  has  negative  logic,    so  the  data  bits  are  complemented  before 
being  punched. 


;   PROM  TAPE  PROGPJV-I 


/      ~" 

Ba«^M»^^«a^ 

BLNKj 

LI 

1^20 

LI 

o.-i 

JSRra 

SENDl 

AISZ 

l.-l 

JMP 

.-2 

RTS 

JSR 

BLNK 

PUSH 

2 

LD 

l^PROM 

PROM: 

LD 

0,(2) 

CAI 

0,0 

SKNE 

1,PR0M 

SHR 

0,8 

JSR@ 

SENDl 

RCPY 

3.0 

RXOR 

2.0 

BOC 

l,.+3 

AISZ 

2.1 

JMP 

PROM 

HALT 

JSR 

BLNK 

PULL 

2 

JMP 

PROM 

SENDl: 

.WORD 

0FF53 

;  ROUTINE  TO  PROVIDE 
;  LEADING  BLANKS 


;  SAVE  STARTING  ADDRESS 

;  DUMMY  WORD  FOR  COMPARISON 

;  INVERT  BITS  FOR  DATA  I/O 

;  MACHINE 

;  SKIP  FOR  RIGHT  SIDE 

;  RIGHT  JUSTIFY  MSBYTE 

;  CHECK  TO  SEE  IF  DONE 

;  IF  DONE  GO  TO  HALT 

;  INCREMENT  ADDRESS 

;  AWAIT  "EXECUTE"  FOR 

;  RIGHT  SIDE 

;  RESTORE  ADDRESS 

;  GENERATE  RIGHT  SIDE  TAPE 

;  ADDRESS  OF  SEND  ROUTINE  IN  CUTIL 
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6.3         PAPER  TAPE  PUNCH  PROGRAM 

This  program  generates  an  absolute  paper  tape  from  the  contents  of  a  specified  range 
in  memory.      The  first  four  character  §  on  the  tape  are  the  ASCII  equivalent  of  the 
four  hexadecimal  numbers  that  specify  the  starting  address.      The  last  character  is 
an  exclamation  mark;  this  serves  as  a  termination  indicator.      The  listing  for  this 
program  is  given  in  appendix  A. 
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CHAPTER  7 


INTERRUPT  HANDLING 


7.1 


GENERAL  INFORMATION 


In  the  IMP-16C,    there  are  two  processor  interrupt  request  lines;  one  of  these  is 
reserved  for  stack  overflow  interrupts.     All  external  peripheral  devices  are  wired  to 
the  main  interrupt  request  line  (INTRA).      If  any  device  generates  an  interrupt  request, 
the  line  goes  high  and  interrupts  the  processor  if  the  master  interrupt  enable  (INTEN) 
is  set  for  the  processor. 


7.2 


INTERRUPT  RESPONSE 


Response  to  a  processor  interrupt  occurs  at  the  end  of  the  instruction  executing  at 
the  time  the  interrupt  occurs.      The  interrupt  causes  the  processor  to  save  the  current 
state  of  the  program  counter  (PC)  on  the  top  of  the  stack  and  to  set  the  new  contents 
of  the  PC  equal  to  1.      The  interrupt  enable  flag  (INTEN)  is  then  turned  off,   and  the 
processor  executes  the  instruction  in  memory  location  1,   which  is  the  start  of  the 
interrupt  service  routine.      The  interrupt  service  routine  may  determine  the  presence 
of  a  stack  overflow  interrupt  by  use  of  the  BOC  instruction.      The  instruction  in  loca- 
tion 1  may  also  be  a  jump  to  an  interrupt  routine  located  elsewhere. 

Available  at  the  card-edge  connector  of  the  IMP-16C  are  two  status  flags  (Flag  0  and 
Flag  12);  these  status  flags  may  be  used  in  multi-level  interrupt  schemes.      These 
flags  would  then  serve  as  interrupt  enable  signals  for  each  level  of  a  two-level  sys- 
tem.     Figure  7-1  shows  the  external  circuits  required  for  this  function. 


EXTERNAL  LOGIC 


INTREQ1 


INTEN  1 


LEVEL  1 


^ 


o 


(Ti 


■ci> 


cz> 


INTREQ2 


LEVEL  2 


-KID 


INTEN2 


IMP-16C 


•FLAGO 


INTRA 


INTCTL 


J  ^^    lU  II 


TO  INT  FLIP-FLOP 


INTEN 


FLAG  12 


Figure  7-1.      Interrupt  Response  External  Circuits 
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7.3        INTERRUPT  GENERATION  AND  PROCESSING 

The  following  discussion  pertains  to  a  two-level  interrupt  system,    but  all  the  opera- 
tions apply  to  single -level  interrupts  as  well. 

7.3.1    General  Interrupt 

Interrupt  requests  on  levels  1  and  2  require  that  the  interrupt  service  routine  deter- 
mine the  address  of  the  interrupting  device.      This  can  be  done  conveniently  using  the 
"Interrupt  Select  Status"  order  as  described  below. 

A  peripheral  controller  requiring  interrupt  servicing  by  the  processor  sets  its  inter- 
rupt request  flag,    thus  causing  a  true  signal  on  the  interrupt  request  line  if  the  per- 
ipheral's interrupt  enable  flag  is  set  true.      The  interrupt  request  line  is  common  to 
all  peripheral  controllers  on  a  given  level  and  only  requires  that  one  peripheral  de- 
vice be  requesting  service  in  order  to  set  the  line  to  the  true  state.      The  main  pro- 
gram,  when  ready,    sets  the  processor  INT  EN  flip-flop,   thus  indicating  that  the  pro- 
cessor may  perform  an  interrupt  service.     If  both  the  processor  INTEN  and  the 
interrupt  enable  for  the  given  level  are  enabled  at  the  same  time,   the  processor 
transfers  program  control  to  the  interrupt  service  routine. 

When  the  processor  responds  to  an  interrupt  request,    it  goes  through  the  following 
procedure  in  order  to  transfer  program  control  to  the  interrupt  service  routine: 

1.  Transfers  the  contents  of  the  Program  Counter  (PC)  to  the  top 
of  the  stack. 

2.  Places  the  address  of  memory  location  1  into  the  PC. 

3.  Disables  (clears)  the  processor  INTEN  flag  to  prevent  further 
interrupt. 

4.  Fetches  the  next  instruction  from  memory  location  1,   thus 
initiating  the  interrupt  service  routine. 

When  an  interrupt  occurs,   the  interrupt  service  routine  directs  the  processor  to 
determine  the  devices  requiring  service  and  to  select  one  peripheral  device.      This 
may  be  accomplished  as  follows: 

1.  An  "interrupt  select  status"  order  is  sent  out  to  all  peripheral 
controllers.  The  order  field  of  the  command  word  is  the  only 
field  recognized  by  the  peripheral  controllers,  and  the  address 
field  is  ignored.  Upon  receipt  of  the  "interrupt  select  status" 
order,  the  INT  REQ  flags  at  the  peripheral  devices  are  cleared 
in  most  cases. 
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2.  Each  peripheral  device  is  assigned  one  of  the  16  system  bus 
lines  to  report  its  interrupt  status.      Each  peripheral  device 
responds  simultaneously  with  other  peripheral  devices,    indi- 
cating whether  or  not  it  requires  interrupt  servicing.      A 
binary  1  indicates  a  service  request.      Typical  interrupt 
assignments  are  shown  in  table  7-1. 

3.  The  interrupt  service  routine  resolves  interrupt  priority  and 
selects  the  peripheral  device  for  interrupt  servicing. 

NOTE 

Although  there  are  only  16  system  bus  lines 
that  are  used  for  reporting  interrupt  status, 
by  use  of  two  "interrupt  select  status"  orders, 
1  and  2,   the  status  of  32  peripheral  devices 
may  be  determined,    one  group  of  16  peripheral 
devices  responding  to  "interrupt  select  status  1" 
and  another  group  to  "interrupt  select  status  2. " 
This  concept  can  be  extended  to  more  than  two 
levels  of  interrupt  select  status  orders  if  neces- 
sary. 

After  a  peripheral  device  obtains  interrupt  access,   the  applicable  RIN  or  ROUT  com- 
mand then  effects  the  transfer  of  data  between  the  processor  and  the  peripheral  con- 
troller.    Upon  completion  of  the  interrupt  operations,   program  control  is  transferred 
back  to  the  main  program  by  use  of  the  RTI  instruction.      The  RTI   instruction  causes 
the  program  counter  to  be  loaded  by  adding  the  top  word  of  the  stack  to  the  CTL  field 
of  the  instruction.      The  INT  EN  flip-flop  is  then  enabled. 

Table  7-1.      Typical  Interrupt  Select  Status  1  Bit  Assignments 

Bit  Assigned  Peripheral 


0 

Unas signed 

1 

Parallel  Teletjrpe 

2 

Card  Reader 

3 

Disc 

4 

Communications 

5 

Interval  Timer 

6 

Unassigned 

7 

Serial  Teletype 

8 

Modem 

9 

Unassigned 

10 

Unassigned 

(table  continued) 
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Table  7-1.      Typical  Interrupt  Select  Status  1  Bit  Assignment  (Cont. ) 

0 

Bit  Assigned  Peripheral 


11 

Unassigned 

12 

Unas signed 

13 

Unassigned 

14 

Unassigned 

15 

Unassigned 

7.3.2    Stack  Overflow  Interrupt 

If  the  processor  stack  becomes  full,    a  stack  overflow  interrupt  is  set.     If  the  INTEN 
flag  is  set,    then  the  processor  is  interrupted.      The  interrupt  service  routine  may 
then  test  jump  condition  8  to  determine  that  the  interrupt  was  caused  by  a  stack 
overflow. 

In  most  applications,   the  software  may  be  written  in  a  manner  that  will  guarantee 
that  a  stack  overflow  will  not  occur.      However,    even  in  such  cases,    it  is  possible 
in  the  system  programming  development  that  a  stack  overflow  may  accidentally  occur. 
Because  the  interrupt  process  itself  utilizes  the  stack,    some  words  of  the  stack  may 
be  lost  in  the  overflow  interrupting  sequence. 

The  systems  programmer  must  take  some  precautions  to  guarantee  that  a  stack  over- 
flow error  does  not  go  undetected  ind  that  data  on  the  stack  are  not  lost.      The  pro- 
grammer must  not  push  words  of  all  zeros  onto  the  stack  as  data;  two  protection 
words  of  all  ones  should  be  kept  at  the  bottom  of  the  stack.      These  are  relatively 
minor  restrictions  since,    in  most  applications,   use  of  the  stack  is  reserved  for  sub- 
routine return  addresses,    interrupt  return  addresses,    and  for  saving  the  RALU  flags 
while  servicing  interrupts. 

7.4        SAMPLE  PROGRAM  FOR  INTERRUPT  PROCESSING 

Consider  the  case  of  four  peripheral  devices  connected  to  the  IMP-16C  in  a  priority 
scheme  such  that  when  an  interrupt  occurs  the  interrupting  device  sends  over  the 
bus  a  data  word  whose  value  identifies  the  device.      The  following  program  segment 
is  a  service  routine  that  determines  the  identity  of  the  device  and  sends  control  to  a 
device  routine.      After  the  device  has  been  serviced,   the  interrupt  routine  returns 
control  to  the  main  program. 

The  four  devices  for  this  example  are  a  keyboard,    an  assemblage  of  digital  integra- 
tors,   a  display  unit,   and  a  printer  unit  —  arranged  such  that  the  keyboard  assumes 
the  highest  priority.      The  keyboard  indicates  its  status  by  sending  a  high  level  on 
data  bit  0  of  the  bus;  the  digital  integrators  use  bit  1,   the  display  uses  bit  2,   and 
the  printer  uses  bit  3.      The  values  returned  are,   therefore,    1,    2,   4,   and  8.      The 
order  code  for  reading  status  has  been  chosen  arbitrarily  as  2. 
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In  this  example,   the  IMP-16C  is  the  host  processor  that  monitors  the  operation  of 
the  peripheral  system  components.      The  digital  integrators  operate  independently,    re- 
quiring processor  intervention  only  to  exchange  data,    initializing  information,    and 
setting  up  other  parameters.      The  display  unit  provides  a  continuous  visual  display 
of  the  operation  of  the  integrators,   and  the  printer  provides  hard  copy  when  necessary. 


INTRAD 

=  X'ifO 

STATUS 

=  2 

1X2 

=  2 

AGO 

=  0 

IDTABL: 

.VWRD. 

.U/ORD 

KEYBD 

J.ADRD 

DIGINT 

.KORD 

BAD  INT 

.VJORD 

DISPU 

.'/DRD 

BAD  INT 

.l"X3RD 

BAD INT 

.WORD 

BAD  INT 

.I'lORD 

PRINTR 

INTERRUPT  SERVICE 

INTSERV 

:  PUSHF 

JSR 

SAVEl 

LI 

5JNTRAD 

• 

RIN 

STATUS 

• 

RCPY 

AC0JX2 

ADD 

IX2JDTABL 

JSR@ 

(1X2) 

JSR 

RSTORl 

/ 

PULLF 

RTI 

0 

RSTORl: 

LD 

O^SVRO 

LD 

l.SVRl 

LD 

2,SVR2 

LD 

3,SVR3 

RTS 

0 

SAVEl: 

ST 

O^SVRO 

ST 

l^SVRl 

ST 

2^SVR2 

ST 

3^SVR3 

RTS 

0 

SVRO: 

.WORD 

0 

SVRl: 

.VJORD 

0 

SVR2: 

.VX)RD 

0 

SVR3: 

.VORD 

0 

;  ADDRESS  OF  SELF. 

;  ADDRESS  OF  KEYBOARD  ROUTINE. 

;  ADDRESS  OF  INTEGRATORS  ROUTINE. 

;  ILLEGAL  INTERRUPT  ADDRESS. 

;  ADDRESS  OF  DISPLAY  ROUTINE. 

;  ILLEGAL  INTERRUPT  ADDRESS. 

;  ILLEGAL  INTERRUPT  ADDRESS. 

;  ILLEGAL  INTERRUPT  ADDRESS. 

;  ADDRESS  OF  PRINTER  ROUTINE. 

ROUTINE  BEGINS  HERE 

;  SAVE  STATUS  FLAGS. 

;  SAVE  ACCUMUUTORS  IN  RATI. 

;  DETER.MINE  INTERRUPTING  DEVICE 
BY  READING  THE  INPUT  BUS 
FOR  DEVICE  STATUS  BITS. 

;  ESTABLISH  INDEX  VALUE. 

;  f/IAKE  A  LOCAL  ADDRESS. 

;  JUMP  TO  DEVICE  SERVICE  ROUTINE. 

;  RETURN  HERE  AFTER  SERVICING 

DEVICE  A^JD  RESTORE  ACCUT^ULATORS . 

;  RESTORE  STATUS  FLAGS. 

;  RETURN  TO  INTERRUPTED  PROGRAM. 


;  STOPJ^GE  LOCATIONS  FOR 
;  ACCUfWUTORS. 


(listing  continued) 
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KEYBD; 

DIGINT: 
DISPLA: 
PRINTR: 
BADIMT: 


.;  SERVICE  ROUTINES  FOR 
:;  THE  VARIOUS  PERIPHERALS, 
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APPENDIX  A 
ASSEMBLY  LISTING 


An  actual  assembly  listing  is  presented  on  the  following  pages  to  illustrate  some  of 
the  topics  described  in  this  manual.  This  program  listing  consolidates  some  of  the 
routines  described  earlier  and  is  a  complete  firmware  package  (available  in  PROM) 
that  can  be  installed  and  run  on  the  IMP-16C  with  the  control  panel  described  in 
chapter  2.  The  program  is  assembled  at  location  FFOOj^g  and  occupies  the  top  page 
of  memory.  A  few  locations  in  base  page  read/write  memory  are  used  for  tempo- 
rary storage.      The  following  subroutines  and  procedures  are  included  in  the  listing. 

1.  Control  Panel  Service  Routine 

2.  Panel  HALT  Interrupt  Routine 

3.  Teletype  Receive  Character  Subroutine 

4.  Teletype  Transmit  Character  Subroutine 

5.  Paper  Tape  Absolute  RLM  Loader 

6.  Paper  Tape  Loader  (BOOTSTRAP) 

7.  Tape  Pimch  Program 

The  control  panel  described  in  chapter  2  is  required  for  this  program  package.      Addi- 
tional interface  hardware  required  are  the  circuits  depicted  in  figure  3-1. 

This  package  is  available  in  ROM  under  the  part  name  CUTIL.      The  two  teletype  rou- 
tines in  this  package  (SEND  and  RECV)  are  written  as  subroutines  so  they  may  be 
called  from  user  programs  with  the  JSR@  instruction.      Entry  points  and  operating 
instructions  are  given  in  the  program  listings. 

\ 
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REVISiOW-C    11/20/72 

CUTIL  CONTROL    PANEL    AND    Tiy    UTILITIES 


7322  7         09143181 
PAGE    NUMBER  i 


1 

0000 

2 

0000 

3 

oaoo 

0001 

A 

4 

01)00 

0002 

A 

i> 

0000 

0003 

A 

6 

utJiiO 

0004 

A 

7 

0000 

0005 

A 

8 

0000 

U007 

A 

9 

0000 

OU08 

A 

10 

0000 

C')oe 

fi 

11 

0000 

00  oc 

A 

12 

0000 

0000 

A 

13 

0000 

OOOE 

A 

14 

QiJQO 

00  OF 

A 

15 

0000 

FFOO 

A 

16 

FFOO 

9 

17 

FFOO 

18 

FFOO 

19 

FFOO 

20 

FFOO 

21 

FFOO 

ZP 

FFOO 

BIT 

BIT 


«TITLE    CUTIL,       'CONTROL    PANEL    AND   TiTY    UTILITIES* 

oASECT 

Ci    =    1 

C2  =  2 
C3  =  3 
C4  =  4 
C5   =    5 

C7    =    7 

ca  =  6 

Cli  =  11 
C12  =  12 
C13  =  13 
C14  =  14 
C13  »  15 
.=X»FFOO 


ACO    =    0 

BIT    15    UF    ACO    IS   0 

0  OF   ACO    IS    1 

1  OF   ACO   =    i 
ACO   -.=    0 
START    CONDITION 
STACK    FULL    COfWITlON 
ACO    LIEQ   0 

JUMP   C0N0.12    (WIREU   TO   "LOAD   ADDRESS") 
JUMP   CONO.    13    iMLREO    TO    «    LOAD   DATA") 
JUMP   COND.     14 
JUMP   CONO.     15    {HIRED    TO   "DISPLAY") 


THIS   UTILITIES    PACKAGE    CONTAINS    A    SIMPLE 
CONTROL    PANEL    ROUTINE    THAT    OPERATES    IN 
CONJUNCTION    WITH   THE   CONTROL    PANEL    KIT 
(CTLPLKIT)tAND   SOME    lELEltPg    ROUllNES 
TO    LOAD    PROGRAMS   AND   PUNCH   TAPES. 


Aa.SITV    FOR   THE    If 


■IbC 


23  FFOO 

24  FFOO 

25  FFOO 

26  FFOu 

27  FFOO 

28  FFOO 

29  FFOO 

30  FFOO 

31  FFUl 

32  FFQZ 

33  FF03 

34  FF04 

35  FF05 

36  FF06 

37  FF07 

38  FF08 

39  FF09 

40  FFOA 

41  FFOB 

42  FFOC 

43  FFOO 

44  FFOfc 

45  FFOF 

46  FFiO 

47  FFll 

48  FF12 

49  FFi3 

50  FF14 

51  FFi5 

52  FFlt> 

53  FFi7 

54  FFtti 

55  FF19 

56  FFIA 

57  FFIB 

58  FFiC 

59  FFIO 

60  FFiE 

61  FF  IF 


>PAGE 


293C 
48FE 
2iFD 
2928 
12iF 
5C01 
1201 
2123 
5CFF 
3381 
2924 
3181 
4000 
5101 
29.00 
290C 
3281 
290A 
2909 
3B00 
5305 
Z906 
A200 
4Aai 
3881 
3C00 
1204 
2iF9 
2912 
3100 
0200 
4400 


•ABSTTSr    FOR    THE    iMP-16C» 

LOADS    ABSOLUTE    PAPER   XAPE    lii    RLM    FORMAT. 
EACH    RECORD    MUST   BE   PRiECEDEU    BY    STX« 


A  abstty; 


A    TTYis 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A    TFy2J 

A 

A 

A 

A 

A 

A 

A   ROWOCX; 

A 

A 


ENTRY    POINT    FOR    THiS    PROGRAM    IS: 


FFOO 


JSR    RECV 
AISZ    03-2J 
JMP    ABSTTY 
JSR    RDPCK; 
80C    2»TQRS: 
SHL    0,1 
BOC    Zs«*2i 
J MP    ENDREC; 
SHK    0,1 
RCPY    0,3; 
JSR    RDPCK 
RCPY    Otli 
PUSH   O; 
CAI    l,ii 
JSR    ROM DC K; 

JSR  romock; 

RCPY    0,25 

JSR    ROMDCK; 

JSR    ROUDCK; 

RADO   2,3 

CAi     3el*4; 

JSR   RDmOCK; 

ST   0»(2I 

AISZ    2,1; 

RCPY    2,0 

RAOO   3,0 

aOC    2,TSTCKSUMJ 

JMP    TTY2 

JSR    ROPCK 

RAOD    0,1 

RTS 


LOOK   FOR  START    OF    TEXT. 

PRjOCESS    RECORX)   CONTROL    INFORNATIOM. 
BRANCH    If    TITLE    OR    SYMBOL    RECORD. 

BRANCH   TO    DATA   RECORD, 

ELSE    &0    TO    EHO   RECORD. 

RECORD   BODy    LENGTH    IN   AC3. 

SAVE    CHECKSUM. 

ACi    HAS   -(CKSUM   MODE    WORD). 

SLOUGH   ADDRESS   MODE. 

GET.  LOAD    ADDRESS. 

LOAD   A£)DRiESS    IN   AC2. 

SL3UGH   RELJCATIXIN    MODE    MOROS. 


AC3   HAS   -(LAST    ADDRESS  -    1). 
GET    DATA    WORD. 

INCREMENT    DESTINATION    ADDRESS. 


IF    DONE    TEST    CHECKSUM. 


A    TSTCKSUM:    PULL    U; 


GEK   CHECKSUM   MORO. 
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REVISION-C 

11/20/72 

eUTIL           CONTROL    PANEL    AND    TUT    UTILITIE 

62    Ff20 

llOF 

A 

80C    Cl.ABSITir 

6i    FF21 

3481 

A 

RCPy    1,0 

64    FF2^ 

1100 

A 

BOC    ClVABSTTir 

65    FF23 

0000 

A 

HALT; 

66    FFZ^ 

6117 

A 

TORS: 

AND    0,H3FFF; 

til    FFZ5 

3181 

A 

Rcpy  0, 1 

68   FF26 

2908 

A 

JSR    KOPCK 

69    FF27 

49i^F 

A 

AISZ    1,-1 

70   FF28 

21F0 

A 

JMP    .-2 

71    FF29 

2905 

A 

JSK    ROPCK 

72    FF2A 

2105 

A 

JMP    ABSTTY 

73    FF2B 

2903 

A 

ENOREC: 

JSR    ROPCK ; 

74    FF2C 

^902 

A 

JSR    ROPCK; 

7i    FF2D 

2901 

A 

JSR    ROPCK; 

76    FF2t 

2000 

A 

JMP  o; 

77    FF2F 

.SPACE    3 

78    FF2F 

4100 

A 

ROPCH: 

PUSH    1 

79    FF30 

290C 

A 

JSR    RECV 

80    FF31 

5C08 

A 

SHL    0,8 

81    FF32 

4000 

A 

PUSH    0 

82    FF33 

2909 

A 

JSR    RECV 

83    FF34 

4500 

A 

PULL     1 

84   FF35 

3482 

A 

RXOR    1,0 

85    FF36 

4500 

A 

EXlTll: 

PULL     1 

80    FF37 

02  00 

A 

RTS 

87    FF38 

852t 

A 

delay: 

LO    1,V2: 

88    FF39 

49FF 

A 

AISZ    1,-1 

89    FF3A 

21FE 

A 

JMP    .-1 

90   FF3B 

0200 

A 

RTS 

91    FF3C 

3FFF 

A 

H3FFF: 

.fcJURO   X'3FFF 

73227         09143181 
PACE   NUMBER  2 


CHECKSUM    ERROR. 

IGNORE    TITLE    AND    SYMBOL    RECORDS. 


SLOUGH   CHECXSUM. 

SLUU&H    ENTRY    ADDRESS    MODE. 

GET   ENTRY    ADDRESS 
JUMP    to    PANEL    ROUTINE. 


DELAY    SUBROUTINE 


TELETYPE    GET    CHARACTER    ROUTINE 


92   FF30 

.PAGE          • TELETYPE 

93    FF3D 

OOOE 

A 

JC14  =   14; 

94    FF3D 

0003 

A 

REAOR   =    3; 

95    FF30 

0004 

A 

XMIT    =    4; 

96    FF3D 

0001 

A 

CI    =    1 

97   FF30 

0002 

A 

C2    =    2 

98    FF30 

4100 

A   RECV: 

PUSH    1; 

99    FF3E 

4200 

A 

PUSH    2 

100    FF3F 

0A80 

A 

PFLG    2; 

101    FF40 

4E08 

A 

lL   Z,6i 

102    FF41 

OBOO 

A 

SFLG    RE ADR 

103    FF42 

lEOi 

A 

BOC    JC14,.>2; 

104    FF43 

21FE 

A 

JMP    .-l; 

105    FF44 

6521 

A 

LO    i,Vl; 

106    FF45 

29F3 

A 

JSR    DELAY«-l; 

107    FF46 

OB  80 

A 

PFLG    RfcAUR; 

108    FF47 

lEOl 

A 

8X    JC14,  .+2; 

109    FF48 

2iFt> 

A 

JMP    RECW*2 

110    FF49 

29EE 

A   REP: 

JSR   delay; 

111    FF4A 

5CFF 

A 

SHR    0,1; 

112    FF4B 

lEOl 

A 

BOC    JC14,.>2: 

113    FF4C 

6  918 

A 

OR   0,H8000; 

114  FF40 

4AFF 

A 

ALSZ    2,-li 

115    FF4E 

21FA 

A 

JMP    REP; 

116   FF4F 

29E8 

A 

JSR  delay; 

HI    FF50 

5CF8 

A 

SHR    0.8; 

118    FF51 

4600 

A 

PULL    2; 

119    FF52 

21E3 

A 

JMP    EXlTll; 

120    FF53 

t 

GET    CHARACTER    ROUTINE' 

INPUT    JUMP    CONDITION. 
READER    ENABLE    FLAG. 
TTY    TRANSMIT    FLAG. 


SAVE    ACCUMULATORS. 

DISABLE    LINK. 

SET    COUNT    FOR.   8   BITS» 

TEST    FOR    START    BIT. 

LUUP    UNTIL    FOUND. 
LOAD    TLMIMG    PARAMETfR. 
DELAY    HALF    ULl,    TIME. 

TEST    FOR.  DATA    BIT. 


DECREMENT  COUNT. 


THIS  STEP  DONE  TO  SAVE 
PROGRAM  STORAGE  SPACE. 


(listing  coutinued) 
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71227         091^1161 
PAGE    NUMBER  3 


121 

Ff53 

.PAGE              'T 

122 

FF53 

4200 

A 

SEND: 

PUSH    2; 

123 

FF54 

4100 

A 

PUSH    li 

12"^ 

FF55 

OCOO 

A 

SFLG    XMIT; 

12  5 

FF56 

29E1 

A 

JSR    DEL  Ay; 

126 

FF57 

4E08 

A 

Li   2>3; 

127 

FF58 

ucaui 

A 

PUTS 

PFLG    XMITi 

12& 

FF59 

1301 

A 

SOC    3»$XX 

129 

FF5A 

OCOO 

A 

SFLG   XMITi 

ijo 

ff3& 

230C 

.1 

$AX: 

JSR  delay; 

131 

FF5C 

5CFF 

A 

SHR    Ofl; 

132 

FF50 

4AFF 

A 

AiSZ   2,-1; 

133 

FF3£ 

2iF9 

A 

JMP    PUT 

134 

FF5F 

0C80 

A 

PFLG   XMIT; 

13a 

FF60 

2907 

A 

JSR    DELAY; 

136 

FF61 

2906 

A 

JSR    DELAY; 

137 

FF62 

4500 

A 

PULL    1 

138 

FF63 

4600 

A 

PULL    2 

139 

FF64 

0200 

A 

RIS 

140 

FF65 

8000 

A 

HdOOO: 

.triORO    X«8000 

141 

FF66 

OlBl 

A 

Vis 

aWURO    X«01B1 

142 

FF67 

03  5£ 

A 

tf2s 

•  idORO    X«035£ 

•TRANSMIT    CHARACTER    ROUTiNE* 

SAVE    ACCUMULATORS. 

SEND    START    BIT. 

SET    BIT    COUNT. 


SENQ   DATA    BIT- 
TEST    TO    SEE    IF    DONE. 


SEND    TMO    STOP    BITS. 


A&SsPT 


i43 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
174 
177 
178 

17'a 

180 

lai 


FF68 
FF68 
FF68 
FF68 
FF6a 
FF68 
FF68 
FF^8 
FF68 
FF68 
FF68 
FF69 
FF6A 
FF6B 
FF6B 
FF6C 
FF60 
FF6E 
FF6F 
FF70 
FF71 
FFIZ 
FF73 
Ff  74 
f^'^75 

ffn 

Ff78 
rP79 
FF7A 

FF7B 
FF7C 
FF7D 
FFIE 
ft  IF 

iFFeo 
Ffai 

F^'S2 

Ffa3 


4004 
2906 

3B81 

40  04 
2903 
ABOO 
C045 
21FB 
29CC 
6117 
FliC 
21ll 
Fiia 
21FA 
F117 
21F8 
7112 
2105 
7111 
2102 
4C03 
20QU 
CI  09 
610A 
5E04 
3282 
49FF 
21EC 


A  LOOPis 
A 


L00P2S 


PTBOO?: 
PACKi 


A   ALFAS 

A  NUM: 

A 

A 

A 

A 


>AGE         «ABSPT« 

THIS    Ih    A   PAPER    TAPE    BOOTSTRAP   ROUTINE    THAT 
READS    8    CHANNEL   TAPE.    THE   FIRST    4   tiORDS 
DENOTE    THE    SMARTING   ADDRESS   FOR   THE    OBJECT 
i>ROGRAH    BE IN&  LOADED.    THE    LAST   CHARACTER 
UN    THE    TAPE   MUST    8£    AN   EXCLAMATION   MARK. 

ENFRY    POINT    FOR   THIS    PROGRAMS       FF68 


LI    X94 
JSR    PiaOOT 

RCPy  29 J; 

Ll    l«4; 
JSR    PTBOOT 
Sr   29i3K 
AOD   3»0NE; 
J  MP    L00P2 
JSR    RECV; 
AND    OfMSi^PAR; 
SKNE    OtEXCLAMi 
JMP    $OUT 
SKNE    a»CRETRN; 
JMP    PTBOOT 
SKNE    UfLiNEFD; 
JMP   PiaouT 
SKA^    U»NUH3ER; 
J MP    NUM 
SKAZ    0. ALPHA; 
JMP    ALFA 
LL   0)>3; 
JMP    0; 
ADD    OtNINE; 
AND    OtMSKl 
SHL    2»4 
RXOR    0,2 
AISZ    1,-1 
JMP    PTBOOT 


READ   EIRST   4    WORDS;    THLS    IS    THE 
START  ING   ADDRESS. 


READ   AND   STORE   4   HEX    WORDS. 
INCREMENT   MEMORY   ADDRESS. 

GEl   ONE    WORD. 

MASK    OUT    PARITY    BIT. 


IGNORE      CARRIAGE   RETURN. 
IGtlORE    LINEFEED. 


ERROR    CODES     INVALID    CHARACTER. 


A-4 
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PAGE  NUMBER     4 


182 

FF84 

OZuO 

A 

RIS 

1B3 

FF8i) 

450J 

A 

sour: 

PULL     1 

la^ 

FF86 

4500 

A 

PULL    1 

185 

FF87 

2131 

A 

JMP    START; 

186 

FFfad 

0009 

A 

NINE: 

.MURJ    9 

181 

FF89 

O07F 

A 

HSKPAK: 

•  WURU    0  7F 

188 

FF8A 

OOOF 

A 

HSKl: 

.WORD   OF 

i.89 

FFbb 

0030 

A 

NUMBERS 

.MURO    030 

19J 

FF8C 

0040 

A 

ALPHA: 

.•4UR0    040 

191 

FF3U 

0000 

A 

CRETRN: 

.WORU   00 

192 

FF8t 

OuOA 

A 

LINEFO: 

.MURL)    OA 

193 

FF8F 

0021 

A 

EXCLAM: 

.WORD    021 

ASCII  TAPE  PUNCH  ROUTINE 


194 
195 
I9i» 
197 
198 
199 
2o0 
201 
ZOZ 
Z03 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
ZZO 
221 
Z^Z 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 


FF90 
FF90 

FFyo 

FF90 
FF90 
FF90 
FF90 
FF90 
fF90 
FF90 
FF90 
FF90 
FF90 
FF90 
FF9u 
FF90 
FF90 
FF90 
FF9i 
FF9^ 
FF93 
FF94 
FF9i 
FF96 
FF97 
FF98 
FF99 
FF9A 
FF9B 
FF9C 
FF9D 
FF9fc 
FF9F 
FFAO 
FFAl 
FFA2 
FFA3 
FFA4 
FFA5 
FFAo 
FFA7 
FFA8 
FFA9 
FFAA 
FFA8 
FFAC 
FFAO 
FFAE 


•  PAGE      'ASCII  TAPE  PUNCH  I40UTINE* 

THIS  PRO>^RAM  PUNCHES  OUT  ON  PAPER  TAPE 
THE  CONTENTS  OF  A  SPECIFIED  RANGE  OF 
MEMORY  LOCATIONS.  THE  FIRST  4  KOROS  ON 
THE  TAPE   ARE  THE  ADDRESS  OF  THE  STARTING- 
LOCATION.  THE  LAST  WORD  ON  THE  TAPE  IS 
AN  EXCLAMATION  HARK..  PAPER  TAPE  GENERATED 
BY  THIS  ROUTINE  MAY  BE  LOADED  USING  THE 
PTBOOT  ROUTINE.  BEFORE  EXECUTING  THIS 
PROGRAM,  AC2  MUST  BE  LOADED  UlVH    THE 
STARTING  ADDRESS  OF  THE  RANGE  TO  BE 
DUMPED  A^40  AC3  MUST  HAVE  THE  FINAL  ADURESS 
OF  THE  RANGE.  EACH  SET  OF  4  MORDS  ON  THE 
TAPE  ARE  SEPARATED  BY  CARRIAGE  RETURN 
AND  LINEFEED  CHARACTERS. 


3881 

C022 
4D04 
5804 
4000 
61 F4 
ElFi 
2112 
OlEF 
43C0 
2988 
49FF 
^lOB 
3Cbl 
3882 
HOC 
81EC 
29Bi 
81EB 
29AF 
4400 
8200 
C90D 
21EA 
44uO 
21E9 
4880 
21EE 
81E2 
29A5 
2000 


OUTTl: 


A   PTPNCH: 

A 

A   ASC: 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 


REIN; 


SNU: 


SEXCLi 


RCPY    ZtO; 
ADD    3. ONE; 
LI    1,4; 
ROL    0,4: 

PUSH  o; 
AND    0,MSK1; 
SKG    0,NINE; 
JMP    SNU 
SUB    0,NINE; 
MSI    0,-64 
JSR    SEND; 

Aiiz   1,-1; 

JMP    RETN 
RCPy    3,0; 
RXJR    2,0; 
BOC    1,SEXCL; 
LD    0, CRETRN; 
JSR    SEND; 
LD    0, LINEFO; 
JSR    SEND; 
PULL    o; 
LD    OtlZii 
ADD    2, ONE; 
JMP    ASC; 
PULL    O 
JMP    ASC+l 
AISZ    0,-80; 
JMP    OUTTl 
LD    OtEXCLAM; 
JSR    SEND; 
JMP    0; 


COPY    STARTING    ADDRESS    LNTO   ACO. 
C3UNT    FOR    4    HEX    CHARACTERS. 


TRANSMIT    CHARACTER. 

LOOP    UNTIL    4    CHARACTERS    SENT. 

CHEC<    TO    SEE    IF    END    QF 

MEMORY    RANGE. 
END    UF    DATA. 

TRANSMIT    CARRIAGE    RETURJ^d. 

TRANSMIT    LINEFEED. 
P3P    TOP    MORU    TO    CLEAR. 
BEG>IN    DATA    TRJkNSMISSlON. 
POINT    TO    NEXt    LOCATION. 


TRANSMIT    EXCLAMATION   MARK. 


(listing  continued) 
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PAGE   NUM&ER  5 


242 

FFAf 

.PAGE               'CONT 

243 

FFAF 

CUTIL    CONTROL    P 

244 

FFAF 

245 

FFAF 

246 

FFAF 

247 

FFAF 

248 

FFAF 

249 

FFAF 

250 

FFAF 

FFBi 

A 

.=X«FFB1 

251 

FFBi 

21B8 

A 

JSTRTs 

.MORO    X'2iB8 

252 

FFB2 

21EF 

A 

JiNTRi 

.WORD   X«21£F 

253 

FFdi 

0005 

A 

FIVES 

.riORD         5 

254 

FFB4 

UOOI 

A 

ONES 

.MORO         1 

255 

FFB5 

80FC 

A 

BEGINS 

LO    3,J1NTR 

256 

FFtib 

ACOl 

A 

ST    3,X''01J 

257 

FFQ7 

8DF9 

A 

LD    3,JSTRT; 

258 

FF88 

ACOO 

A 

ST    3,X«  00; 

259 

FFB9 

292F 

A 

STARTS 

JSR    SAVE               I 

260 

FFBA 

0900 

A 

SETS 

SFLG    i                     J 

<^bi 

FF8B 

0600 

A 

ROUTS 

ROUT    0 

ZbZ 

FFBC 

1C04 

A 

MAITS 

BOC    C12,LA         i 

263 

FFBD 

lOOA 

A 

BUC    Ci3,L0         i 

264 

fF6t 

1710 

A 

BOC    C7,EX; 

265 

FF8F 

iF25 

A 

BOC    CiS.DISP    i 

266 

FFCO 

2iF8 

A 

JMP    .-4                ; 

267 

FFCi 

ICFF 

A 

LAS 

BOC    C12,LA         -^ 

268 

FFC2 

04U0 

A 

RIN    u                    ;. 

269 

FFC3 

3281 

A 

RCPy   0,2             ; 

270 

FFC4 

3381 

A 

RCPir    0,3 

27L 

FFC5 

ElED 

A 

SKG    0,FIV£; 

272 

FFCt> 

1213 

A 

BOC    C2,RSRVE 

273 

FFC7 

21F3 

A 

JMP    ROUT 

274 

FFC8 

lOFF 

A 

LDs 

BOC   C13,ld; 

275 

FFC9 

0400 

A 

RIN   o; 

276 

FFCA 

F934 

A 

SKNE    2,LAST6; 

277 

FFCB 

2iF0 

A 

JMP    WAIT 

278 

FFCC 

A2u0 

A 

ST    OslZi                i 

279 

FfCU 

C9Eo 

A 

AUU    2,UNbi 

280 

FFCC 

21tC 

A 

JMP    ROUT 

28i 

FFCF 

i7FF 

A 

EXS 

BOC    C7,£X            ; 

282 

FFDO 

04J0 

A 

RIN    0 

283 

FFDl 

4000 

A 

PUSH    0                    i 

284 

FFD2 

8406 

A 

KSTORs 

LO    1,X*06 

285 

FFD3 

4100 

A 

PUSH    1 

286 

FFD4 

0280 

A 

PULLF 

281 

FF05 

bOo2 

A 

LO    0,X«02            J 

288 

FFU6 

8403 

A 

LD    1,X'03 

289 

FF07 

8804 

A 

LO   2,X»04 

290 

FF08 

8C05 

A 

LO    3,X'05 

291 

FF09 

0200 

A 

RTS    0                     ; 

292 

FFOA 

0600 

A 

RSRVEs 

ROUT    0 

293 

FFOB 

1005 

A 

BOC    C13,L0AC 

294 

FFOC 

IFOl 

A 

BOC    C15,0ISPAC 

295 

FFOO 

2iFU 

A 

JMP     .-2 

296 

FFUE 

IFFF 

A 

OlSPACs 

BOC    C15,DISPAC; 

297 

FFOF 

8302 

A 

LO  afZi:ii 

298 

FFEO 

210A 

A 

JMP    ROUT 

299 

FFEl 

IDFF 

A 

LOACs 

BOC    Ci3,L0AC 

300 

FFE2 

0400 

A 

Rl'^    0 

301 

FFE3 

A202 

A 

Sr    0,2(2i 

302 

FFfc-* 

^106 

A 

JMP    ROUT 

303 

FFE5 

IFFF 

A 

DISPS 

BOC    C15,0ISP 

304 

FFE6 

8300 

A 

LO    0,131 

305 

FFE7 

CDCC 

A 

AOU    3,UNEi 

•CONTROL    PANEL    itOUTlNE* 

IVNELS  JULY   3i»    1973. 

THIS    CONTROL    PANEL    USES   ALL    DEVICE 
ADDRESSES;     THAT    IS»    NU   ADDRESS 
DECODING   IS   ASSUMED*    AND   THE    PROGRAM 
MILL   RESPOND    TO   ALL    'RIN*    AND    •J%OUf  • 
INSTRUCTIONS. 


LOAD    LOCATION    1    idlJH    JUMP   TO    INTERRUPT 

LOAD   Li2CATI0N   0    MITH   JUMP   TO   CONTROL   PANEL 
SAVE    ACCUMULATORS. 
ENABLE    INTERRUPT    SYSTEM. 

'LOAD  ADDRESS*    SMITCU. 
•LOAD    DATA*    SWITCH. 
•EXECUTE'    SWITCH. 
•DISPLAY*    SWITCH. 
RETURN    TO    MAI T    LOOP. 
CHECK   RELEASE. 
READ    SMR. 
SAVE   ADDRESS    LN    AC2. 

PREVENTS   LOADING   OF    RESERVED   LOCATIONS 


CHECK   R.ELEASE    FORj  LOAD   DATA    SMLTCH 

READ  SWITCHES 

PREVENTS   LOADING   LOCATION   6. 

LOAD    MEMORYi 
INCREMENT    ADDRESS 

CHECK   RtLE&SE 

SAVE    JUMP    ADDRESS    LN   STACK. 


RESTORE   ACCUMULATORS. 


FAKING   AN   INDIRECT    JUMP. 


DISPLAY   ACCUMULAIOR    ROUTINE 


INCREMENT    ADDRESS 


A-6 
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.  »  'Ji  ?! 


i06    FFEb 

2102 

A 

A  lie 

JMP    R0U7 

30T    FFty 

• 

/   . 

308  fF£9 

A002 

A 

SAVE: 

SI    0,X»02 

309   FFEA 

A  40  3 

A 

ST    l,X«03 

310    FFEB 

A804 

A 

, 

ST    2,X«04 

3il    FFEC 

ACU5 

A 

ST    3,X'03 

3i£   FFEO 

0080 

A 

PUSHF 

313.FFtE 

4^00 

A 

iPULL    1 

314   FFEF 

A406 

A 

ST    1»X'06; 

315    FFFU 

0200 

A 

RTS    0 

316   FFFi 

■» 

■■' 

PAGE    NUMBER  6      -'^^-*^ 


i      SAVE    ACO  -    AC3    IN   LOCATIONS    X»02  -    X«05. 


SAVE   FLAGS    IN    LOCATION   6. 


A    -«. 


INTERRUPT  SERVICE  ROUTINE  FOR  HALT  AND  STACKFULL 


317 

FFFI 

oPAGE 

318 

FFFI 

• 
• 

319 

FFFi 

4CFF 

A 

INTR£ 

LI    o.-i; 

320 

FFF2 

1803 

A 

BUC    C8,STFL 

321 

FFF3 

29F5 

A 

JSR    SAVE; 

322 

FFF4 

4400 

A 

PULL    0 

323 

FFF5 

4000 

A 

PUSH    0 

324 

FFF6 

O600 

A 

STFLi 

ROUT    o; 

325 

FFF7 

0000 

A 

zero: 

HALIi 

326 

FFF8 

0400 

A 

RIN    o; 

327 

FFF9 

1102 

A 

80C   CI,. +  3; 

328 

FFFA 

2907 

A 

JSR    RSTOR; 

329 

FFFB 

0100 

A 

RTI    ; 

330 

FFFC 

* 

331 

FFFC 

44  UO 

A 

PULL    0 

332 

FFFD 

21BC 

A 

JMP    SET; 

333 

FFFt 

2186 

A 

JMP    BEGIN 

334 

FFFF 

0006 

A 

LAST6: 

.WORD    i> 

335 

000 

.END 

•INTERRUPT  SERVICE  ROUTINE  FOR  HALT  AND  STACKFULL* 
SAVE  ACCUMULATORS  LN  LOCATIONS   2»3«4  AMD  5. 


reail)  switches 

lf  switches  are  set  to  all  zeros,  'execute*  causes 

a  return  to  tiie  control  panel  routine. 

if  switch£s  are  set  tu  anv  non-zero  number, 'execute 

causes  a  normal  return  from  interrupt.. 

return  to  control  panel  routine. 


*«**»« 


0    ERRORS     IN    ASSEMBLY 


****** 


(listing  continued) 
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CUriL  CONTROL    PANEL    AND    TTY    uriLiTiES  PAGE   NUMBER         7 

INTERRUPT    SERVICE   ROUTINE    FOR    HALT    AND    STACKFULL 

SEXCl       $N0  iOUJ         $AX  AdSTTY    ALFA         ALPHA  ASC  BEGIN      CL 

FFAC    A    FFAA    A    FF8i»    A    FFi»8    A    FFOO    A    FF7E    A    FFBC    A  FF92    A    FFB5    A    OQOi    A 

Cll  C12  C13  C14  Ci5  C2  C3  C4  C5  C7 

OUOB    A  OUOC    A    0000    A   OOOE    A   OOOF    A    U002    A    00u3    A  0004   A    Q0Q5    A    0007    A 

CS  CRETRN    DELAY       UiSP         OISPAC    ENOREC    EX  EXCLAH    EXITil    FIVE 

0008    A    FF80    A   FF38    A    FFE5    A    FFOE    A    FF28   A    FFCF   A  FFQF    A    FF36   A    FFB3    A 

H3FFF       HBOOu       INTR         JC14         JINTR       JiT.RI       LA  LAST.6      LO  LOAC 

FF3C    A    FF65    A   FFFl    A    OOOE    A    FFB2    A    FFBl    A    FFCl    A  FFFF    A    FFC8    A    FFEi    A 

LINEFO    LOOPl       LG0P2       MSKi         MSKPAR    NINE         NUM  NUMBER    ONE  OUTTl 

FF8t    A    FFtiti    A    FF60    A    FF8A    A    FFd9    A    FF8a    A    FF7F    A  FF8  B    A    FFB4    A    FF9A    A 

PACK  PT800T    PFPNCH    PUT  ROPCK       ROWOCK    REAOR  REC V         REP  RETN 

FF7i    A    FF70    A    FF90    A    FFba    A    FF2F    A    FFIC    A    00U3    A  FF30    A    FF49    A    FFA8    A 

ROUT  RSRVE      KSIOR       SAVE         StNO  SET  START  STFL  TORS         TSTCKS 

FFBB    A    FFOA    A    FFD2    A    FFE9    A    FF53    A    FFBA    A    FFd9    A  FFF6    A    FF24    A    FFIF    A 

TTYi  TTY2         VI  V2  WAIT         XMIT         ZERO 

FF03    A    FFi5    A    FF66    A    FF67    A   FFBC    A    OO04    A    FFF7    A 
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